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This Research Topic honors the memory of Prof. Antonius “Ton” G. Rolink (April 
19, 1953–August 06, 2017), our colleague, mentor and friend in immunology. It is 
now over a year since Ton left us. This article collection, authored by many of Ton’s 
friends and colleagues, reflects the huge contribution to cellular and molecular 
immunology that work emanating directly from Ton’s own hands and laboratory 
have made to the understanding of lymphocyte development. Ton’s hard work, 
expertise, generosity, passion for science and infectious humor were legendary and 
for all of those lucky enough to have been his colleague, he ensured that science 
was fun. We take this opportunity of thanking all contributors for submitting their 
manuscripts; we are sure that Ton would have enjoyed reading and making his own 
insightful comments on them.

In the form of original research and review articles, these papers cover many of Ton’s 
scientific interests in different aspects of lymphocyte development in mouse and 
man. In the first section, Development of hematopoietic cells and lymphocytes, 
Klein et al. describe the accumulation of multipotent hematopoietic progenitors in 
peripheral lymphoid organs of IL-7xFlt3L double transgenic mice and Pang et al. 
the role of the transcription factor PU.1 on the development of Common Lymphoid 
Progenitors. In Early B cell development, Winkler and Mårtensson review the role 
of the Pre-B cell receptor in B cell development and papers by Hobeika et al. 
and Brennecke et al. describe models of inducible B cell development. For B cell 
selection, survival and tolerance, Smulski and Eibel review the role of BAFF and 
Kowalczyk-Quintans et al. analyse the role of membrane-bound BAFF. The impact 
of BIM on B cell homeostasis is discussed by Liu et al. The role of the MEK-ERK 
pathway in B cell tolerance is discussed by Greaves et al. and the transcriptional 
regulation of germinal center development is reviewed by Song and Matthias. For 
Hematological diseases, Ghia reviews how studies of B cell development help 
the understanding of Leukemia development, Kim and Schaniel review how iPS 
technology helps the understanding of hematological diseases and Hellmann et 
al. describe development of new therapeutic antibody drug conjugates. Finally, in 
T cell development, homeostasis and graft vs. host disease, Heiler et al. describe 
the therapeutic effects of IL-2/anti-IL-2 immune complexes in GvHD, Calvo-Asensio 
et al. describe the DNA damage response of thymocyte progenitors and Mori and 
Pieters review the role of Coronin 1 in T cell survival.

Cover image of GFP+ pro-B cells growing on stromal cells. 
Image courtesy of Dr Julia Merkenschlager, Rockefeller University.
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Editorial on the Research Topic

Making Science Fun – A Tribute to Our Colleague and Friend, Prof. Antonius G. Rolink

(1953–2017)

RESEARCH TOPIC CONTENT

This Research Topic was organized to honor the memory of our dear friend Antonius “Ton” Rolink
(April 19, 1953–August 06, 2017). The contributions are from his former students, colleagues, and
collaborators. In the form of original research and review articles, these papers cover many of Ton’s
scientific interests in different aspects of lymphocyte development in mouse and man. Thus, the
majority of articles concern B cell biology, ranging from papers by Pang et al. and Kim and Schaniel
on stem cells to Klein et al. and Winkler and Mårtensson on B cell precursors, Brennecke et al. and
Hobeika et al. on inducible B cell development, Smulski and Eibel and Kowalczyk-Quintans et al.
on B cell Activating Factor (BAFF) and the impact of BIM on B cell survival, Greaves et al. on
tolerance and Song and Matthias on the formation of germinal centers. However, Ton’s research
was also motivated by his continuous interest in T cells and graft-versus-host reactions, lymphoid
tumours and in the application of antibody technology to develop novel therapeutic approaches.
These subjects are covered by the contributions of Mori and Pieters on T cells, Calvo-Asensio et al.
on T cell progenitors, by the article of Ghia on leukemia development, by Heiler et al. on GvH and
by Hellmann et al. on human antibody libraries.

TON’S SCIENTIFIC CAREER

Ton Rolink began his scientific career as a PhD student in the group of Ernst Gleichman at the
University of Amsterdam focussing on the mechanisms of T cell mediated immunopathology
during Graft versus Host Disease (GvHD). This resulted in a remarkable output of 12 publications,
including five in the Journal of Experimental Medicine (1–12).

In 1983, he moved to the Basel Institute of Immunology (BII) as a Scientific Member, joining
the laboratory of Fritz Melchers. In the following years, the team developed the technologies and
skills that led to the discovery of fundamental principles in B cell development (13–16), B cell
tolerance (17) and autoimmunity (18–20). Over the years, Ton and his collaborators generated
many monoclonal antibodies, some of which, including those to precursor B cells (21), the IL-5
receptor (22), CD40 (23), CD93 (24), and BAFF (25), resulted in numerous novel findings and
publications.

One of the key technical advances in which Ton made a significant contribution was the
establishment of stroma cell-based in vitro system allowing the cultivation of B cell precursors

6
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starting with single hematopoietic stem cells (26). Since Ton
indeed had “green fingers” for growing cells, he was naturally
gifted at cell culture. Therefore, when Stephen Nutt in
Busslinger’s laboratory showed that the transcription factor Pax5
(or BSAP) was essential for B lymphopoiesis (27) the scientific
collaboration established with Ton’s laboratory continued. This
culminated in 1999 with two seminal articles in Nature describing
how Pax5-deficient pro B cell lines could proceed along different
developmental pathways to become antigen-presenting dendritic
cells, osteoclasts, granulocytes or natural killer cells in vitro
and to T cells following reconstitution of mice in vivo (28,
29). The realization that the transcription factor Pax5 was a
master regulator of B cell development had a profound influence
on the field of haematopoiesis and lymphopoiesis and opened
new research avenues allowing in depth analysis of the roles
of other transcription factors in the regulation of lymphocyte
development (30–36).

By refining the conditions of in vitro B cell development,
the roles of different chemokines and cytokines implicated in B
cell development and homeostasis were also investigated (37–
41) including the detailed dissection in mouse and man of
the role of the B cell Activating Factor (BAFF) (42, 43) in
normal B cell homeostasis and as well as in the development of
autoimmunity (44–47). Using emerging molecular technologies,
Ton and his group dissected B cell development at the single cell
level, analysing their genotypic and transcriptomic profiles (48–
50). For this, techniques capable of identifying rearrangement
of DH and JH genes on one immunoglobulin heavy chain allele,

FIGURE 1 | The cartoon has been painted and kindly provided by Professor Daniela Finke, who has been for many years Ton Rolink’s colleague at the Department of

Biomedicine, University of Basel.

corresponding to one molecule of rearranged DNA, could be
detected (51). Without a doubt, Ton’s research contributions
were recognized world-wide and he became one of the leaders
in studies of mouse and human B cell development.

Having helped to show the multi-lineage differentiation
capacity of B220+CD117lowCD19− Pax 5 KO pro-B cell lines,
Ton became interested in trying to identify a cell type with
identical phenotype and equivalent differentiation capacity
in the bone marrow of normal mice. This progenitor was
indeed identified and referred to as an Early Progenitor with
Lymphocyte and Myeloid Potential, or EPLM (52). More recent
experiments using additional markers and taking advantage
of single cell RNA sequencing, has revealed that the original
EPLM population is both phenotypically and genotypically
heterogenous with the earliest member being already committed
to either lymphoid or myeloid lineages (53, 54).

Seeing that mice could be reconstituted with genetically-
modified B cell progenitors grown in vitro and that Pax5 KO
(29) and EPLM (52) could reconstitute the T cell compartment
led Ton to expand his studies to T cell development (55).
Realising that therapeutic use of progenitors grown on stromal
cells would pose difficulties for clinical approval, he established
stromal cell-free culture conditions whereby mouse and human
T cell progenitors could be expanded and differentiated without
stromal cells. The system developed was affectionately called “the
plastic thymus” (56) allowing the dissection of signals involved
in T cell commitment (57–59). In recent years, this led to
a series of experiments investigating the possible instructive
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role of cytokines, in particular IL-7 and Flt3L, on lymphocyte
development (53, 60–62).

This T cell work set the foundation for Ton’s subsequent
studies on T cell autoimmunity. Using T cell progenitors
from genetically-modified mice, his group was able to expand
and reconstitute the T cell compartment of immunodeficient
recipients (63). However, the “plastic thymus” could not replace
one of the key functions of the thymus, namely the generation
of regulatory T cells (64). Without endogenous regulatory
T cells, after a few weeks recipient mice reconstituted with
in vitro generated T cell progenitors invariably developed
immunopathology reminiscent of that seen in GvHD.
Addition of regulatory T cells to the T progenitor inoculum
was sufficient to prevent disease onset (64), providing
Ton with a functional in vivo assay for regulatory T cell
function.

Ton’s interest in autoimmunity associated with GvHD,
initiated whilst a PhD student and continued at BII and the
University of Basel, interested him until the very end of his
career. In his latest publications, he looked at this topic from a
T-cell (Heiler et al.) and a B-cell perspective (65). In the first,
Heiler et al. analyzed the contribution of the different T cell
compartments at various stages of disease, the latter (65) showed
the processes by which self-reactive antibodiesmight arise in aged
mice.

Ton Rolink’s key findings in the field of lymphocyte biology
as well as his talent for developing numerous monoclonal
antibodies and cell culture systems now used as research tools
in many laboratories world-wide, were always complemented by
his open, friendly, and generous personality and his infectious
good humor. Throughout his scientific career, Ton worked
almost daily at the bench. He was always ready to share his
ideas, tools and expertise with his colleagues and collaborators,
which in times of a steadily growing number of Material
Transfer Agreements (MTAs), research contracts and “highly
confidential information,” was a rare phenomenon among
scientists. Therefore, Ton will not only be remembered for his
exceptional work ethic and output, but also, and maybe even
more, for his exceptional way of making science fun. He will
also be remembered by his colleagues and collaborators through
their projects that live and thrive thanks to his reagents and spirit
(Figure 1).

His complete bibliography can be found in the Appendix and
the following is a link to Ton’s publications on PubMed: https://
www.ncbi.nlm.nih.gov/pubmed/?term=Rolink+A.
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Interleukin-7 (IL-7) and Flt3-ligand (FL) are two cytokines important for the generation of

B cells, as manifested by the impaired B cell development in mice deficient for either

cytokine or their respective receptors and by the complete block in B cell differentiation

in the absence of both cytokines. IL-7 is an important survival and proliferation factor

for B cell progenitors, whereas FL acts on several early developmental stages, prior to

B cell commitment. We have generated mice constitutively over-expressing both IL-7

and FL. These double transgenic mice develop splenomegaly and lymphadenopathy

characterized by tremendously enlarged lymph nodes even in young animals. Lymphoid,

myeloid and dendritic cell numbers are increased compared to mice over-expressing

either of the two cytokines alone and the effect on their expansion is synergistic, rather

than additive. B cell progenitors, early progenitors with myeloid and lymphoid potential

(EPLM), common lymphoid progenitors (CLP) and lineage−, Sca1+, kit+ (LSK) cells

are all increased not only in the bone marrow but also in peripheral blood, spleen and

even lymph nodes. When transplanted into irradiated wild-type mice, lymph node cells

show long-term multilineage reconstitution, further confirming the presence of functional

hematopoietic progenitors therein. Our double transgenic mouse model shows that

sustained and combined over-expression of IL-7 and FL leads to a massive expansion

of most bone marrow hematopoietic progenitors and to their associated presence in

peripheral lymphoid organs where they reside and potentially differentiate further, thus

leading to the synergistic increase in mature lymphoid and myeloid cell numbers. The

present study provides further in vivo evidence for the concerted action of IL-7 and FL

on lymphopoiesis and suggests that extramedullary niches, including those in lymph

nodes, can support the survival and maintenance of hematopoietic progenitors that

under physiological conditions develop exclusively in the bone marrow.
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INTRODUCTION

Cytokines are important regulators for the development and
function of immune cells. Apart from influencing the survival,
expansion and effector function of mature immune cells in
peripheral lymphoid organs, cytokines also have a crucial
role in the continuous generation of all blood cell lineages
(hematopoiesis), which occurs in the bone marrow and thymus.
During hematopoiesis cytokines can influence the lineage output
of hematopoietic progenitors by selectively promoting their
survival, proliferation or developmental potential (1–3). Two of
themost important cytokines for the generation of lymphoid cells
are Flt3-ligand (FL) and Interleukin-7 (IL-7).

FL is produced by many cell types, but within the
hematopoietic system it acts mainly on early, multipotent
progenitors, which are the ones expressing its receptor, CD135
(Flt3) (4–6). CD135 is the only known receptor for FL and
belongs to the type-III tyrosine kinase receptor family, which
also includes CD117 (kit) and platelet-derived growth factor
receptor (PDGF-R). CD135 expression within the lineage−,
Sca1+, kit+ (LSK) compartment of hematopoietic progenitors is
associated with loss of self-renewal capacity and preservation of
multilineage developmental potential (7). Oligopotent myeloid
and lymphoid progenitors retain CD135 expression until they
become committed to their respective lineages. From that
point on, they down-regulate expression of the receptor,
with the exception of dendritic cells (DC), which remain
CD135+ after maturation. The importance of FL in B cell
development is manifested by the reduced capacity of Flt3l−/−

and Flt3−/− hematopoietic progenitors to reconstitute the B
cell compartment of lymphopenic mice (8, 9). In addition,
B cell regeneration after irradiation or chemically induced
myeloablation is dependent on FL (10). Since CD135 is down-
regulated in committed B cell progenitors after Pax5 expression
(11), the effect of FL signaling on B cell development is
attributed to its role in maintaining normal numbers of
oligopotent CD135+ common lymphoid progenitors (CLP) and
early progenitors with lymphoid and myeloid potential (EPLM)
(12, 13).

CLP are phenotypically defined by the expression of CD127,

the α-subunit of the receptor for IL-7 (14). CD127 expression is

initiated at the CLP stage and remains expressed throughout the
early stages of B cell development until the progenitors start to
rearrange their light chain immunoglobulin genes (small pre-B
stage). IL-7 was initially identified as a growth factor for B cells
(15) and its essential role in lymphoid development has been
proven both by its ability to maintain and expand lymphoid cells
in vitro (16) and by the severe defect in B and T cell development
observed in Il7−/− and Il7rα−/− mice (17, 18). Early T cell
progenitors require IL-7 mainly for their survival, since over-
expression of the anti-apoptotic protein Bcl2 can significantly
rescue T cell development in Il7rα−/− mice (19, 20). IL-7 is also
important for the survival and homeostatic expansion of mature
T cells in the periphery (21). The fact that B cell development
in Il7rα−/− mice cannot be rescued by Bcl2 over-expression
(22, 23), together with the absence of early B-cell factor 1 (Ef1)
expression in Il7rα−/− CLP (24) has led to the hypothesis that

by initiating Ebf1 expression, IL-7 might act as an instructive
cytokine for B cell commitment. However, this could also be
explained by a survival role of IL-7 on CLP, since the Ebf1-
expressing Ly6D+ compartment of CLP is severely reduced in
Il7−/− mice (25). Furthermore, B cell commitment in the absence
of IL-7 signaling can be restored by over-expressing Bcl2 in mice
lacking the IL-7 signaling mediator STAT5 (26) and by over-
expressing FL in Il7−/− mice (13), therefore indicating that the
role of this cytokine in commitment of progenitors to the B
cell lineage is permissive, rather than instructive. Following Pax5
expression and lineage commitment, B cell progenitors require
IL-7 for their survival and expansion. This has been clearly
manifested in mice expressing high, sustained levels of IL-7,
which resulted in expansion of pre-B cell progenitors in the bone
marrow and in some cases in the development of B cell tumors
(27–29). This increase in pro-B and pre-B cell numbers resulted
in their accumulation in secondary lymphoid organs, such as
spleen and lymph nodes.

As evident from the above, both FL and IL-7 are pivotal for
the generation of normal B cell numbers, a fact highlighted by
the complete absence of B cells in mice lacking both cytokines
(30). Their combined effect is mostly exerted at different
stages of B cell development, with FL being crucial for the
generation of early multipotent progenitors and IL-7 for their
survival and expansion after B cell commitment (13). However,
they also act synergistically at the CLP/EPLM stage, where
the receptors for both cytokines are simultaneously expressed,
possibly through activation of separate signaling pathways (31).
We have previously generated mice expressing high, sustained
levels of human FL (hereafter FLtg) (32), which, when crossed
to Il7−/− mice, showed a complete rescue of Ly6D+ CLP/EPLM
numbers (13). Interestingly, however, we have observed that mice
over-expressing FL have reduced pre-B cell numbers compared to
their wild-type (WT) counterparts (32). This could not be a direct
effect of FL on pre-B cells, as they do not express CD135. Since
pre-B cells are highly dependent on IL-7 for their expansion, we
hypothesized that IL-7 availability might be reduced in FLtg bone
marrow, due to the high number of CD127+ CLP and EPLM
progenitors, which might consume a large part of the available
IL-7. Binding of IL-7 to its receptor on CD127+ target cells has
been proposed as a mechanism that regulates the abundance of
the cytokine in different tissues (33).

In order to test this hypothesis, and to further study
the synergy between FL and IL-7 in promoting lymphoid
development in vivo, we bred FLtg mice with transgenic
mice expressing high amounts of IL-7 (hereafter IL7tg) and
analyzed the F1 generation. Double transgenic mice (hereafter
FLtgxIL7tg) had a phenotype that combined features of the
single transgenic phenotypes and in terms of expansion of
lymphoid cells, revealed synergy between the two cytokines.
Thus, double transgenic mice exhibited splenomegaly and
abnormally enlarged lymph nodes (LN), in which B and T cell
numbers were increased more than in the single transgenic
mice. Moreover, large numbers of B cell progenitors as well
as CD19− multipotent progenitors were found in the LN
of FLtgxIL7tg mice. Transplantation of LN FLtgxIL7tg cells
into myelo-ablated recipients showed that they contained
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hematopoietic progenitors with long-term multilineage
developmental potential, suggesting that the LN niche can
support the survival and maintenance of early hematopoietic
progenitors.

MATERIALS AND METHODS

Mice
C57BL/6 (CD45.1+ and CD45.2+), FLtg, IL7tg, FLtgxIL7tg and
NOD/SCID/Il2rγ−/− mice were bred and maintained in our
animal facility unit under specific pathogen-free conditions.
All mice used were 5–9 weeks old. All animal experiments
were carried out within institutional guidelines (authorization
numbers 1886 and 1888 from cantonal veterinarian office,
Canton Basel-Stadt).

Antibodies, Flow Cytometry and Sorting
For analysis, cells were flushed from femurs and tibias of the
two hind legs of mice or single-cell suspensions of spleen
and lymph node (inguinal and axillary) cells were made. For
blood analysis, blood was taken from the heart of euthanized
animals or from the tail vein of live ones and white blood
cells were isolated after separation with Ficoll. Stainings were
performed in PBS containing 0.5% BSA and 5mM EDTA. For
intra-cellular Foxp3 staining, cells were fixed and permeabilized
after cell-surface staining using the Foxp3 Fix/Perm buffer set
(eBioscience), and subsequently stained with PE-conjugated anti-
Foxp3. The following antibodies were used for flow cytometry
(from BD Pharmingen, eBioscience, BioLegend, or produced
in house): anti-B220 (RA3-6B2), anti-CD117 (2B8), anti-CD19
(1D3), anti-NK1.1 (PK136), anti-SiglecH (551), anti-CD11c
(HL3), anti-Ly6D (49-H4), anti-CD127 (SB/199), anti-Sca1 (D7),
anti-IgM (M41), anti-Foxp3 (FJK-16s), anti-CD4 (GK1.5), anti-
CD8 (53.6.7), anti-Gr1 (RB6-8C5), anti-CD11b (M1.7015), anti-
MHC-II (M5/114.15.2), anti-XCR1 (ZET), anti-CD93 (PB493),
anti-CD48 (HM48-1), anti-CD150 (TC15-12F12.2), anti-Ter119
(TER-119), anti-CD3 (145-2C11), anti-CD41 (MWReg30), anti-
CD105 (MJ7/18), anti-CD16/32 (2.4G2), anti-S1PR1 (713412),
anti-CD44 (IM7), anti-CXCR4 (L276F12), anti-CD5 (53-7.3),
and anti-Ki67 (B56). Lineage cocktail included antibodies
against: CD4, CD8, CD11b, CD11c, Gr1, B220, CD19, Ter119,
and NK1.1. Flow cytometry was done using a BD LSRFortessa
(BD Biosciences) and data were analyzed using FlowJo Software
(Treestar). For cell sorting, a FACSAria IIu (BD Biosciences) was
used (>98% purity).

Flt3-Ligand And IL-7 Quantification
Sera were collected from mice of all genotypes and ELISA was
performed using the Invitrogen human Flt3-ligand and mouse
IL-7 ELISA kits, following the provider’s instructions.

Quantitative PCR
Spleens were homogenized using the FastPrep R© homogenizer
(MP Biomedicals) and RNA was extracted with Trizol
(Invitrogen) following the provider’s protocol. Five hundred
micrograms of total RNA was used to synthesize cDNA using
the GoScript reverse transcriptase (Promega). Quantitative

PCR for the detection of Il7 transcripts was performed
using SYBRTM Green (Promega). Primers used: Hprt-Forw:
atcagtcaacgggggacataaa; Hprt-Rev: tggggctgtactgcttaacca; Il7-
Forw: GATAGTAATTGCCCGAATAATGAACCA; Il7-Rev:
GTTTGTGTGCCTTGTGATACTGTTAG.

In vitro Limiting Dilution B Cell Generation
Assay
Experiments were performed as previously described (34).
Briefly, OP9 stromal cells were plated on flat-bottom 96-well
plates 1 day before the initiation of co-cultures, at a concentration
of 3,000 cells per well. The following day stromal cells were γ-
irradiated (3000 rad) and the sorted EPLM cells were added at
different concentrations. Cultures were maintained in IMDM
medium supplemented with 5 × 10−5 M β-mercaptoethanol,
1mM glutamine, 0.03% (wt/vol) primatone, 100 U/mL penicillin,
100µg/mL streptomycin, 5% FBS and 10% IL-7-conditioned
medium. After 10 days in culture all wells were inspected under
an inverted microscope and wells containing colonies of more
than 50 cells were scored as positive.

In vivo Hematopoietic Reconstitution
Assays
Ten million BM or LN cells from FLtgxIL7tg mice were injected
intravenously into CD45.1+ recipient mice, which had been sub-
lethally irradiated (400 rad) ∼2 h before injection. Mice were
euthanized 12–16 weeks after cell transfer and their spleen,
thymus and bone marrow was analyzed for the presence of
donor cells. For secondary transplantations, 6 × 106 BM cells
from recipient mice were injected intravenously into sub-lethally
irradiated CD45.1+ recipients, in the same way. Secondary
recipient spleens were analyzed after 9 weeks. For assessment
of the in vivo B cell potential of EPLM, 6 × 104 Ly6D+ EPLM
sorted from the BM or LN of FLtgxIL7tg mice were intravenously
injected into NOD/SCID/Il2rγ−/− lymphopenic mice. Recipient
spleens were analyzed for the presence of CD19+IgM+ cells 3
weeks after cell transfer.

Statistical Analysis
One-way ANOVA followed by a Tukey-test to correct for
multiple comparisons between mouse genotypes was used.
Statistical significance is indicated with asterisks in graphs. Non-
significant differences are not indicated in the figures.

RESULTS

Expansion of Hematopoietic Cells in
Secondary Lymphoid Organs of FLtgxIL7tg
Mice
FLtg and IL7tg mice heterozygous for the corresponding
transgenes were crossed, resulting in mice carrying both
transgenes (FLtgxIL7tg), as well as wild-type (WT) and single-
transgenic littermates, which were used as controls (Figure 1A).
FLtgxIL7tg mice were viable but at around 5–6 weeks after
birth, they developed large, clearly visible inguinal lymph nodes
(LN), which continued to grow and therefore mice had to be
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euthanized at the age of 9–10 weeks. None of the littermate
controls exhibited this phenotype. All analyses of FLtgxIL7tg
mice and their WT and single transgenic counterparts presented
herein were done in 6–9 week old mice. We detected a massive
increase in the amount of FL in the serum of FLtg and FLtgxIL7tg
mice, which reached 22 and 18 ug/ml, respectively (Figure 1B).
Even though IL-7 could not be detected in the serum of
FLtgxIL7tg mice, as shown previously by in situ hybridization in
IL7tg mice (35), a significant increase in Il7 mRNA transcripts
was observed in spleens of both IL7tg and FLtgxIL7tg mice
(Figure 1C). Macroscopically, double transgenic mice exhibited
a profound splenomegaly, with spleen size and average cellularity
significantly larger than in single transgenic mice, in which the
spleen was already increased compared to WT (Figures 1D,E).
LN enlargement was even more striking, as shown in Figure 1D,
with the average number of nucleated cells in all four inguinal
and axillary LN reaching almost 109 cells, compared to 3.4
× 106 for WT, 45.4 × 106 for FLtg and 145 × 106 for
IL7tg mice (Figure 1F). All other LN examined macroscopically
(brachial, mediastinal) showed similar enlargement compared
to WT and single transgenic mice. FLtgxIL7tg BM cellularity
was somewhat increased compared to WT (less than 2-fold and
not statistically significant) and similar to the single transgenic
controls (Figure 1G). On the contrary, thymus cellularity was
slightly decreased in single and double transgenic mice compared
to their WT littermates (Figure 1H).

Analysis of the enlarged spleens and LN of FLtgxIL7tg mice
showed that several mature hematopoietic cells, which normally
reside in these secondary lymphoid tissues, were remarkably
increased. Thus, spleen and LN Gr1+CD11b+ cells, including
neutrophils and macrophages, were clearly increased in response
to elevated FL levels (Supplementary Figure 1A). Also, and in
agreement with what has been described previously in single
FLtg mice (32), DC populations, including conventional DC of
both types (CD11c+MHC-II+XCR1+ cDC1 and CD11c+MHC-
II+XCR1− cDC2), as well as B220+SiglecH+ plasmacytoid
DC (pDC), were all dramatically increased in response to FL
over-expression (Supplementary Figures 1B–E), although the
statistical analysis did not show a significant effect on LN cDC1
and cDC2. A clear effect of over-expressing both cytokines
was also observed on splenic and LN T cells. FLtgxIL7tg
mice had increased numbers of both CD4+ and CD8+ T
cells in spleen (4.4- and 13-fold increase compared to WT,
respectively) and LN (11- and 30-fold increase compared to
WT, respectively) (Supplementary Figures 2A,B). This effect
was also seen in the numbers of the CD4+Foxp3+ regulatory
T cell (Treg) fraction of CD4+ T cells, particularly in the
LN (Supplementary Figures 2A,B), as shown before under
conditions of high FL availability (36). This increase in peripheral
T cell numbers was probably not due to increased thymic output,
since analysis of T cell developmental stages in the thymi of
FLtgxIL7tg mice showed that over-expression of both cytokines
did not significantly affect the numbers of T cell progenitors,
including CD4+ and CD8+ single positive and CD4/CD8 double
positive pro-T cells. Interestingly, FL over-expression resulted in
a reduction in the numbers of the earliest double negative T cell
progenitors (Supplementary Figures 2C–E).

We next examined B cell populations in the peripheral
lymphoid organs of FLtgxIL7tg and single transgenic mice.
Analysis of peritoneal B cells showed that IL-7 over-expression
significantly increased the percent of B2 cells, whereas the
frequency of the IL-7-independent (37) CD19+CD5+CD11blow

B1a population was decreased by over-expression of both
cytokines (Supplementary Figures 3A,B). Even though FL has
been shown to be critical for the generation of B1a cells (30, 38),
their relative frequency was not significantly increased upon FL
over-expression, but rather slightly decreased, possibly due to
the large expansion of myeloid cells in the peritoneal cavity
(Supplementary Figure 3B). Mature, recirculating IgM+CD93−

B cells were significantly increased in the LN of FLtgxIL7tg
mice compared to WT (21-fold), whereas over-expressing either
cytokine alone resulted in increased mature B cell numbers
compared to WT, but to a smaller extent (Figure 2A). Mature
IgM+ B cells do not express CD135 and, unlike peripheral
T cells, they are also CD127− and hence do not respond to
either FL or IL-7. We therefore reasoned that the observed
increase in their numbers in the periphery was the result of
increased B cell progenitor numbers in the BM, as shown
previously in IL7tg mice (29). Analysis of BM B cell progenitor
populations showed a moderate 1.6-fold increase in the numbers
of IgM+CD93+ immature B cells, the population that exits the
BM to recirculate in the periphery (Figures 2B,C). IgM− B cell
progenitors showed a more pronounced increase compared to
WT controls: 7.4-fold for CD19+CD117+IgM− pro-B cells, 3.7-
fold for CD19+CD117−IgM−CD127+FSClarge large pre-B and
2.3-fold for CD19+CD117−IgM−CD127−FSCsmall small pre-
B cells (Figures 2B,C). This increase in BM CD19+ B cell
progenitors was mainly an effect of elevated IL-7 levels, since
FL over-expression seemed to have a negative outcome on the
numbers of pre-B and immature B cells (∼2-fold decreased in
FLtgxIL7tg mice compared to IL7tg). Thus, the reduction in pre-
B and immature B cell numbers observed in FLtg mice (32) is
also present when IL-7 is abundantly available (in FLtgxIL7tg
mice) and is therefore unlikely to be caused by decreased IL-7
availability, as previously hypothesized.

Accumulation of Lymphoid Progenitors in
Peripheral Lymphoid Organs of FLtgxIL7tg
Mice
Previous analysis of IL7tg mice has shown an abundance of
immature B cell progenitors in the spleen and LN, where these
populations are normally not found in significant numbers (29).
We therefore analyzed spleen and LN of FLtgxIL7tg mice for
the presence of early B cell progenitors. Indeed, in both spleen
and LN of IL7tg mice, all stages of CD19+ committed B cell
progenitors were detected (Figures 3A,B). Contrary to what was
observed in the BM, however, additional FL over-expression,
in FLtgxIL7tg mice, further increased the numbers of pro-B
(4.6-fold in spleen and 16-fold in LN), large pre-B (1.8-fold in
spleen and 11-fold in LN), small pre-B (2-fold in spleen and
12-fold in LN) and immature B (1.9-fold in spleen and 9.8-fold
in LN) cells. Thus, FL and IL-7 seem to act synergistically in
promoting the accumulation of immature B cell progenitors in
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FIGURE 1 | Increased cellularity of FLtgxIL7tg lymphoid organs. (A) Scheme of the breeding applied to obtain FLtgxIL7tg mice. (B) ELISA for human FL protein

quantification in the serum of WT, FLtg, IL7tg, and FLtgxIL7tg mice (n = 4). (C) Quantitative PCR for the detection of Il7 mRNA in the spleen of WT, FLtg, IL7tg, and

FLtgxIL7tg mice (n = 3). Bars in (B,C) represent mean ± standard deviation. (D) Representative spleens (top) and lymph nodes (bottom) of WT, FLtg, IL7tg and

FLtgxIL7tg mice. (E–H) Total numbers of live, nucleated cells in the spleen (E), lymph nodes (axillary and inguinal) (F), bone marrow (femurs and tibias) (G), and

thymus (H) of WT, FLtg, IL7tg, and FLtgxIL7tg mice. *p < 0.05, **p < 0.01, and ****p < 0.0001. Error bars indicate standard deviation.

the peripheral lymphoid organs of mice over-expressing both
cytokines.

Since CD135 is not detectable on CD19+ B cell
progenitors, this additional rise in their numbers in spleen
and LN upon simultaneous FL and IL-7 over-expression
is unlikely to be a direct effect of FL on their survival
and/or proliferation. However, their immediate precursors,
Ly6D+ EPLM, are CD135+ and have been shown to increase
dramatically in response to elevated FL levels (13, 34, 39).

Therefore, we assessed their numbers in the BM and
periphery of FLtgxIL7tg mice. As shown in Figures 4A,B,
CD11c−NK1.1−SiglecH−CD19−B220intCD117intLy6D+ EPLM
were indeed dramatically increased upon FL over-expression
in the BM, whereas IL-7 over-expression did not increase their
numbers and even reduced them when in combination with
high FL expression (Figure 4B, FLtg compared to FLtgxIL7tg).
Ly6D+ EPLM were clearly detected in spleens of FLtg and
FLtgxIL7tg mice, whereas in LN they were strikingly expanded
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mainly upon over-expression of both cytokines. FLtg and
IL7tg LN also had higher numbers of Ly6D+ EPLM compared
to WT, in which they were barely detectable. However, this
increase was not statistically significant and was proportional
to the corresponding overall increase in LN total cellularity
(Figure 1F), whereas FLtgxIL7tg LN Ly6D+ EPLM were 120-
and 137-fold increased compared to their FLtg and IL7tg
counterparts, respectively. This expansion is ∼10 times higher
than the corresponding LN cellularity difference between these
mouse genotypes, indicating that FL and IL-7 synergistically
promote the accumulation and/or expansion of Ly6D+ EPLM
in the LN of FLtgxIL7tg mice. Since Ly6D+ EPLM are not
yet committed to the B cell lineage (39, 40), we assessed the
ability of these spleen- and LN-residing FLtgxIL7tg progenitors
to generate B cells in vitro and in vivo. Sorting and plating
FLtgxIL7tg Ly6D+ EPLM on OP9 stromal cells together with
IL-7 under limiting dilution conditions showed that these cells
were able to give rise to CD19+ B cells in vitro (Figure 4C).
We noticed that the frequency of LN-derived Ly6D+ EPLM
that could generate B cells under these conditions was slightly
reduced compared to their BM counterparts, which showed a
frequency similar to WT BM-derived Ly6D+ EPLM (13, 39).
However, after transplantation into NOD/SCID/Il2rγ−/−

lymphopenic mice, LN-derived FLtgxIL7tg Ly6D+ EPLM were
as capable as their BM-derived counterparts at generating
IgM+ B cells in vivo (Figure 4D). Thus, under conditions of
simultaneous increase in FL and IL-7 availability, functional
CD19−Ly6D+ EPLM progenitors can reside and accumulate in
the spleens and LN of mice.

Hematopoietic Progenitors With
Long-Term, Multilineage Reconstitution
Capacity Reside in the LN of FLtgxIL7tg
Mice
Apart from Ly6D+ EPLM, CLP and LSK cells are greatly
expanded in FLtg mice (32). We therefore investigated their
potential expansion in the BM and presence in the spleen and
LN of FLtgxIL7tg mice. Under conditions of high in vivo FL
availability, CD135 becomes undetectable by flow cytometry
(32), possibly due to the continuous binding of the ligand
to its receptor. Thus, we identified CLP using the original
Lin−CD117intSca1intCD127+ phenotype (14) (Figure 5B). We
found CLP numbers to be significantly increased in the BM of
mice over-expressing FL, whereas IL-7 over-expression did not
have any effect (Figure 5A). This was also the case in the spleen,
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where splenic FLtgxIL7tg CLP were increased compared to WT
(Figure 5C). Similarly to EPLM, we observed a greater than 10-
fold increase in LN FLtgxIL7tg CLP numbers compared to their
single transgenic counterparts, which were already increased
compared to WT (Figures 5E,F). CD127− LSK cell analysis
showed a similar picture, with LSK being greatly increased
in the BM and found in significant numbers in the spleen
and LN of FLtgxIL7tg mice. Within the LSK compartment,
the CD48−CD150+ phenotype can be used to enrich for
hematopoietic stem cells (HSC) with multilineage developmental

potential and self-renewal capacity (41). As shown in Figure 5A

(bottom), CD48−CD150+ LSK cells were significantly reduced in
the BM of FLtg mice and this was also the case in FLtgxIL7tg BM
(6-fold decreased compared to WT). These cells were detected at
very low frequency in the spleen of FLtgxIL7tg mice (Figure 5C),
and we could not detect them in the LN of any of the mouse
genotypes analyzed (data not shown).

Taken together, our analysis shows that over-expression of
both FL and IL-7 leads to a dramatic increase in all BM
CD135+ and CD127+ progenitors and to their migration to
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FIGURE 5 | (B) Representative FACS plots for the identification of CLP, LSK, and CD48−CD150+ LSK in the bone marrow (femurs and tibias) of WT, FLtg, IL7tg, and

FLtgxIL7tg mice. Gate numbers indicate frequencies of parent gate. In every panel the upper left plot (CD117 vs. CD127) shows live, Lineage− cells. (C) Numbers of

CLP, LSK and CD48−CD150+ LSK in the spleens of WT, FLtg, IL7tg, and FLtgxIL7tg mice. (D) Representative FACS plots for the identification of CLP, LSK, and

CD48−CD150+ LSK in the spleens of WT, FLtg, IL7tg, and FLtgxIL7tg mice. Gate numbers indicate frequencies of parent gate. In every panel the upper plot (CD117

vs. CD127) shows live, Lin- cells. (E) Numbers of CLP and LSK in the LN of WT, FLtg, IL7tg, and FLtgxIL7tg mice. (F) Representative FACS plots for the identification

of LSK in the LN of WT, FLtg, IL7tg, and FLtgxIL7tg mice. Gate numbers indicate frequencies of parent gate. In every panel the upper plot (CD117 vs. CD127) shows

live, Lin- cells. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Error bars indicate standard deviation.

the periphery, presumably due to space constrains in the BM.
In support of this hypothesis, all CD19+ B cell progenitor
stages were found significantly increased in the peripheral blood
of FLtgxIL7tg mice (Figures 6A,D). Strikingly, the same was
true for CD135+ Ly6D+ EPLM, CLP and LSK progenitors,
which were increased in the blood mainly in response to FL
over-expression (Figures 6B,C,E). This effect of FL and IL-7
simultaneous over-expression in promoting themigration of cells
from the BM to the periphery was seen mainly on progenitors,
since mature B and T cell frequencies in the blood of FLtgxIL7tg
mice were not dramatically changed, whereas the relative
frequencies of cDC and NK cells were significantly increased in
the blood of FLtg animals (Supplementary Figure 4). Thus, the
synergistic effect of FL and IL-7 over-expression in expanding
BM hematopoietic progenitors leads to their exit from the BM
and accumulation not only in the spleen but also in LN, where
some of these progenitors are undetectable in WT mice.

We next sought to evaluate whether these multipotent
hematopoietic progenitors identified by flow cytometry in
the LN of FLtgxIL7tg mice were functional, i.e., if they
had the ability to generate multiple hematopoietic lineages
upon transplantation. To this end, we infused 10 × 106

unfractionated LN cells from CD45.2+ FLtgxIL7tg, into sub-
lethally irradiated congenic CD45.1+ WT mice. FLtgxIL7tg
BM cells were used as a positive control for the long-term
reconstitution of hematopoietic lineages, since they contain
functional hematopoietic progenitors. Recipient mice were
analyzed 12–16 weeks after transplantation for the contribution
of CD45.2+ donor cells to the different hematopoietic lineages.
As expected, overall engraftment of donor cells in the BM,
spleen and thymus of recipient mice was significantly lower
in LN-transplanted recipients compared to BM transplanted
ones (Supplementary Figures 5A,B). Thus, in the FLtgxIL7tg
LN transplanted hosts, 20% splenic, 5.4% BM and 6.8%
thymic cells were of donor origin. Analysis of the spleen of
FLtgxIL7tg LN-reconstituted mice showed that 21.8% CD19+

B cells, 13.8% CD3+ T cells, 16.3% NK1.1+ NK cells, 14.7%
SiglecH−CD11b−CD11c+ DC, 4.5% CD11b+CD11c− myeloid
cells and 15% Ter119+ erythroid cells were of donor origin,
with more than 80% of the transplanted mice showing donor-
derived reconstitution in all the above lineages (Figures 7A–D).
Donor contribution was also evaluated in the thymus of recipient
mice, where we found small but clearly detectable populations
of FLtgxIL7tg LN-derived CD4+, CD8+, and CD4/CD8 double
positive T cell progenitors (Figures 7E–G). Furthermore, BM
analysis showed that a significant fraction of CD19+ B cell
progenitors were of FLtgxIL7tg LN donor origin, with the
average percent ranging from 5.6% for large pre-B to 13% for

immature IgM+CD93+ B cells (Supplementary Figures 5C,D).
Remarkably, we also found small but clearly detectable
populations of donor-derived CLP (5%) and LSK (3.5%) 12 weeks
after transplantation. Thus, FLtgxIL7tg LN contain progenitors
with the long-term capacity to generate multiple hematopoietic
lineages.

The presence of early hematopoietic progenitors in the host
BM 12 weeks after transfer of FLtgxIL7tg LN cells, prompted
us to assess their self-renewal capacity by re-transplanting
them into secondary recipients. Six million unfractionated BM
cells from FLtgxIL7tg LN-reconstituted mice and FLtgxIL7tg
BM-reconstituted controls were intravenously injected into
congenic CD45.1+ irradiated WT hosts 12 weeks after the
first transplantation. Nine weeks after secondary transfer, we
could detect FLtgxIL7tg-derived donor cells in the secondary
recipients’ spleen. Importantly, CD45.2+ cells were found in
multiple hematopoietic lineages. Thus, FLtgxIL7tg LN donor-
derived cells were found in: 0.1% CD19+ B cells, 0.25%
CD3+ T cells, 0.6% CD11c+ DC and 0.07% Ter119+ erythroid
cells (Figures 8A–D). These results indicate that there are
FLtgxIL7tg LN-residing multipotent hematopoietic progenitors
with self-renewal capacity. Overall, considering the significant
multilineage contribution of FLtgxIL7tg LN-derived donor cells
in host hematopoietic reconstitution more than 12 weeks after
transfer, as well as their presence in secondary transplanted hosts
after another 9 weeks, we conclude that the LN of FLtgxIL7tg
mice contain hematopoietic progenitors with in vivo long-term
multi-lineage reconstitution ability, some of which have self-
renewal capacity.

DISCUSSION

We have previously generated and analyzed mice with increased,
sustained in vivo levels of either IL-7 (28, 29) or FL (13,
32, 39), which provided important insights to the roles of
the two cytokines at different stages of the various lineages
of hematopoiesis. In the present study we over-expressed
both cytokines in order to evaluate the concerted action
of both FL and IL-7 on the regulation of hematopoiesis
in an in vivo setting. We find a synergistic effect of the
two cytokines in promoting the generation and expansion
of lymphoid cells, resulting in a profound enlargement of
secondary lymphoid organs, such as spleen and LN, significantly
more than what can be seen in single transgenic mice
(Figure 1). Both spleen and LN of FLtgxIL7tg mice were
populated by significant numbers of multipotent hematopoietic
progenitors, which in WT mice are generally confined to the
BM.
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FIGURE 6 | Hematopoietic progenitors in the blood of FLtgxIL7tg mice. (A) Representative FACS plots for the identification of B cell progenitor stages in the blood of
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FIGURE 6 | plots for the identification of Ly6D+ EPLM in the blood of WT (upper left), FLtg (upper right), IL7tg (lower left), and FLtgxIL7tg (lower right) mice. Gate

numbers indicate frequencies of parent gate. In every panel the left plot (CD117 vs. B220) shows live, NK1.1−CD11c−SiglecH− cells. (C) Representative FACS plots

for the identification of LSK and CLP in the blood of WT (upper left), FLtg (upper right), IL7tg (lower left), and FLtgxIL7tg (lower right) mice. Gate numbers indicate

frequencies of parent gate. In every panel the left plot (CD117 vs. CD127) shows live, Lin− cells. (D) Percentages of pro-B (CD19+ IgM−CD117+), large pre-B

(CD19+ IgM−CD117−CD127+FSClarge), small pre-B (CD19+ IgM−CD117−CD127−FSCsmall) and immature B cell (CD19+ IgM+CD93+) progenitors in the blood of

WT (n = 9), FLtg (n = 11), IL7tg (n = 8), and FLtgxIL7tg (n = 11) mice. B cell progenitors were identified by FACS as shown in (A). (E) Percentages of Ly6D+ EPLM

(CD11c−NK1.1−SiglecH−B220intCD117intLy6D+CD19−), CLP (Lin−CD117intSca1intCD127+) and LSK (Lin−CD117+Sca1+CD127−) progenitors in the blood of

WT (n = 6), FLtg (n = 6), IL7tg (n = 7), and FLtgxIL7tg (n = 10) mice. The y-axis on all plots indicates % of live, nucleated blood cells. *p < 0.05, **p < 0.01, ***p <

0.001, and ****p < 0.0001. Error bars indicate standard deviation.

The enlarged spleens and LN of FLtgxIL7tg mice
contained significantly increased populations of myeloid
cells (Supplementary Figure 1A). This probably reflected the
expansion in BM myeloid progenitors that FL over-expression
induces (32). Indeed, when assessing early myelo-erythroid
progenitor stages in FLtgxIL7tg BM, we observed a significant
increase in the earliest identified myeloid progenitors, pre-
GM and GMP (42), whereas early erythroid/megakaryocyte
progenitors were decreased (Supplementary Figure 6), in
accordance with the anemia and thrombocytopenia caused
by elevated FL (32). Generation of DC is known to depend
on FL and we indeed found all splenic and some LN DC
populations significantly increased (Supplementary Figure 1).
This could be the result of DC expansion in peripheral
lymphoid organs, since these cells are CD135+, or could be
due to FL-mediated expansion of their progenitors. Due to
the inability to stain for CD135+ in mice over-expressing FL
(32) we were not able to assess the numbers of cDC and pDC
progenitors (43–45).

Peripheral T cells were also increased dramatically in spleens
and LN of FLtgxIL7tg mice, even though thymic size and T
cell output was not increased. Thus, this seems to be mainly
an effect of IL-7, which is known to regulate homeostasis of
peripheral T cells, particularly of CD8+ (46) which was the
T cell population with the biggest expansion in FLtgxIL7tg
mice (Supplementary Figures 2A,B). Interestingly, FL over-
expression alone also resulted in some increase in mature T
cell numbers. Since these cells are CD135−, we postulate that
this is an indirect effect of high FL levels. Previous experiments,
showing expansion of regulatory T cells upon increased FL
availability, suggested that this is mediated by IL-2 produced by
the expanded DC (36), thus providing a potential explanation
for the observed increase in peripheral T cells when FL is over-
expressed. The somewhat reduced thymopoiesis observed in
FLtgxIL7tg mice might be a direct or secondary result of high
FL expression by thymic stromal cells, since IL-7 over-expression
alone in the IL7tg mouse model used herein did not affect T cell
development (35). Since thymus seeding progenitors that migrate
from the BM are multipotent and express CD135 (47, 48), it
is conceivable that under the influence of increased FL levels a
larger fraction of them differentiates toward myeloid or DC fates,
thus resulting in somewhat reduced CD4/CD8 double-negative
numbers.

The synergistic effect of FL and IL-7 is clearly manifested
in the generation of B cells. Expression of the receptors for
the two cytokines on B cell generating progenitors occurs at

slightly different developmental stages: CD135 is expressed on
early progenitors (LSK, CLP, EPLM) and is down-regulated upon
Pax5/CD19 expression and commitment to the B cell lineage,
whereas CD127 is expressed from the CLP up to the small pre-
B stage. Accordingly, both receptors are co-expressed during the
CLP/EPLM developmental stage, in which a potential synergy
between the two cytokines in promoting B cell development can
occur. FL is mainly acting as a proliferative factor for CLP/EPLM
progenitors, whereas IL-7 supports their survival, rather than
expanding them (13). Thus, we find the number of these
progenitors greatly expanded in the BM of FLtg and FLtgxIL7tg
mice, while IL-7 over-expression does not further increase their
numbers but rather decreases them slightly (Figures 4B, 5A). IL-
7 acts as a proliferative factor for CD19+ B cell progenitors in
the BM, leading to a 5- to 9-fold increase in their numbers upon
over-expression (when comparing IL7tg to WT or FLtgxIL7tg
to FLtg). This effect of the two cytokines on the proliferation
of hematopoietic progenitors was confirmed in the present
study, since we found a significant increase in the percentage of
cycling LSK in the BM of mice over-expressing FL, whereas IL-
7 had a proliferative effect mainly on CD19+ B cell progenitors
(Supplementary Figure 7). This vast expansion of CD19+ cells
upon IL-7 over-expression could explain the slight reduction in
FLtgxIL7tg Ly6D+ EPLM numbers compared to FLtg mice, since
the expanded progenitor populations have to compete for limited
space in the BM. By contrast, in peripheral lymphoid tissues, such
as the spleen and LN, which can enlarge to accommodate more
cells, the synergistic effect of FL and IL-7 can be clearly seen, as
FLtgxIL7tg spleen and LN contain significantly more CLP/EPLM
and CD19+ B cell progenitors of all stages compared to their
single transgenic counterparts. Interestingly, the proliferative
effect of the two cytokines observed in the BM was also seen
in the LN (Supplementary Figure 7), indicating that progenitors
continue to expand in response to the two cytokines after their
migration to the periphery. The space restrictions imposed on
cells in the BM might also be the reason for the observed
reduction in the number of BM pre-B and immature cells when
FL is over-expressed. We have previously hypothesized that this
might be the result of reduced IL-7 availability in the BM of FLtg
mice, but as the same effect seems to occur in FLtgxIL7tg mice,
this is unlikely to be the reason. It is still possible that other
trophic signals required for the expansion and/or survival of pre-
B cells become limiting in the BM when CD135+ progenitors
expand massively, as is the case in FLtg and FLtgxIL7tg mice.
However, this does not happen in the periphery, where the FL-
mediated expansion of CLP/EPLM results in a corresponding
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FIGURE 7 | of the mean. Black circles represent mice where the corresponding lineage was scored as positive for the presence of donor-derived cells

(>50 cells in the CD45.2+ gate) and white circles mice with no reconstitution (<50 cells in the CD45.2+ gate). The fraction of positive-to-total mice analyzed for each

lineage is indicated above the corresponding bar. Lineages were defined as follows: CD19+: CD11b−CD11c−CD3−CD19+; CD3+: CD11b−CD11c−CD19−CD3+;

NK1.1+: CD3−CD11c−B220−SiglecH−NK1.1+; SiglecH+: CD11b−NK1.1−B220+SiglecH+; CD11c+: NK1.1−SiglecH−B220−CD11b−CD11c+; CD11b+:

NK1.1−SiglecH−B220−CD11c−CD11b+; CD11b+CD11c+: NK1.1−SiglecH−B220−CD11b+CD11c+; Ter119+: Ter119+. (B,D) Representative FACS plots

showing the CD45.2+ donor population identified within the lineages shown in (A,C). Left: recipients transplanted with FLtgxIL7tg BM; Right: recipients transplanted

with FLtgxIL7tg LN. (E) Percentage of CD45.2+ donor cells within the indicated T cell populations in thymi of mice reconstituted with FLtgxIL7tg BM (upper) and

FLtgxIL7tg LN (lower). Results from three independently performed experiments are shown. For FLtgxIL7tg BM: n = 6; for FLtgxIL7tg LN: n = 10. Bars indicate mean

± standard error of the mean. Black circles represent mice where the corresponding lineage was scored as positive for the presence of donor-derived cells (>50 cells

in the CD45.2+ gate) and white circles mice with no reconstitution (<50 cells in the CD45.2+ gate). The ratio of positive-to-total mice analyzed for each lineage is

indicated above the corresponding bar. Cells were identified as follows: DP: CD3+CD4+CD8+; CD4 SP: CD3+CD8−CD4+; CD8 SP: CD3+CD4−CD8+. (F,G)

Representative FACS plots showing the CD45.2+ donor population identified within the indicated thymic T cell populations. Upper: recipients transplanted with

FLtgxIL7tg BM; lower: recipients transplanted with FLtgxIL7tg LN.

increase in pro-B and pre-B cell numbers. Taken together, FL
and IL-7 act in concert to promote B cell development, FL
by providing sufficient numbers of CLP/EPLM progenitors and
IL-7 by promoting their survival and further expansion after
commitment to the B cell fate.

FL over-expression resulted in a major expansion of LSK
cells, which are largely CD135+. When IL-7 was additionally
over-expressed, this resulted in the detection of significant LSK
numbers in the spleen and LN of FLtgxIL7tg mice. Since LSK
are CD127−, we hypothesize that the reason for their increase
mainly in FLtgxIL7tg LN is again related to confined space
and/or resources in the FLtgxIL7tg BM, thus leading to their
migration to peripheral lymphoid organs when expanded by
FL over-expression. In support of this hypothesis, LSK can also
be detected in the blood of FLtgxIL7tg mice (Figures 6C,E).
Expression of molecules associated with progenitor migration
from the BM, such as S1PR1, CD44, and CXCR4 was not
dramatically different between genotypes, with the exception
of an FL-mediated increase in the CXCR4+ fraction of B cell
progenitors, which might be an indirect effect of FL, as these
cells are CD135− (Supplementary Figure 8). This indicates that
it is mainly competition for BM space/resourses that leads
to their accumulation in peripheral lymphoid organs. LSK
are mostly comprised of multipotent progenitors with mixed
lineage potentials and biases, but which are not considered to
possess self-renewal capacity (7). Self-renewing HSC within the
LSK compartment can be enriched for by staining with the
SLAM markers CD48 and CD150, and are contained within
the CD48−CD150+ LSK fraction (41). We were not able to
detect CD48−CD150+ LSK cells in the LN of FLtgxIL7tg mice.
However, as reported previously (32), and seen in Figure 5A, the
CD48−CD150+ fraction of LSK in the BM is severely reduced
in numbers upon FL over-expression. These cells are CD135−

when identified by flow cytometry, although some of them
express mRNA for the receptor (49). Therefore we do not know
if this reduction is a direct effect of FL-signaling. In addition,
we cannot exclude that high FL availability might affect the
expression of SLAM markers, thus resulting in some HSC losing
the CD48−CD150+ phenotype in FLtg and FLtgxIL7tg mice. The
expression level of other important markers for the identification
of progenitor stages, such as CD117 and Sca1, might also be
changed upon FL over-expression. As shown in Figures 5B,D,
Sca1 expression in the majority of FLtg and FLtgxIL7tg CLP is

relatively higher than the one of theirWT and IL7tg counterparts.
The same is true for CD117 expression in pro-B (Figure 2B). This
might be the result of altered marker expression or a selective
expansion of the (few in WT mice) cells expressing high levels
of the corresponding proteins.

In order to functionally assess the precursor activity of
hematopoietic progenitors found in the LN of FLtgxIL7tg
mice, we transplanted LN cells from these mice into myelo-
ablated WT recipients and assessed their long-term multilineage
reconstitution capacity. We found a significant contribution of
FLtgxIL7tg donor cells in lymphoid, myeloid, dendritic and
erythroid lineages 12–16 weeks after transplantation. This is
indicative of the presence of multipotent progenitors in the
double transgenic LN, since myeloid and dendritic cells are
not long-lived and therefore these donor cells could not be
mature myeloid/dendritic cells transferred from the FLtgxIL7tg
LN. In addition, we found donor contribution in all stages of
recipient T cell development, suggesting that the FLtgxIL7tg
LN contain progenitors with thymus-seeding potential. The
exact nature of these precursors is not known, but they
are known to have multilineage developmental capacity (47,
48). Furthermore, we detected donor progenitor cells in the
BM of recipient animals, which upon transplantation into
secondary recipients showed a small but clearly detectable
contribution in the regeneration of different lineages. We
conclude from this data that the LN of FLtgxIL7tg mice
contain hematopoietic progenitors with long-term multilineage
hematopoietic regeneration capacity. These could be HSC, which
do not display the CD48−CD150+ phenotype due to alterations
in SLAM marker expression, or downstream multipotent
progenitors that have acquired self-renewal capacity under
conditions of high FL availability – possibly by an autocrine FL
effect.

Irrespective of the precise nature of the multipotent
hematopoietic progenitor that resides in FLtgxIL7tg LN, it is
clear from our data that not only the spleen but also the
LN of these double transgenic mice can support the survival
of immature precursors, such as LSK, CLP, EPLM, and pre-
B cells, which are normally only found in the BM. Extra-
medullary hematopoiesis has been described in patients and
has been mostly associated either with bone marrow failure or
with myeloproliferative disease (50, 51). Similarly, disruption of
hematopoiesis in mice caused by drug treatment (52), mutations
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shown in (A,C). Left: FLtgxIL7tg BM as primary donor; right : FLtgxIL7tg LN as primary donor.

(53–55) or cytokine over-expression (56, 57) can lead to extra-
medullary hematopoiesis. However, the main extra-medullary
site where hematopoietic progenitors are detected in both
patients and mice is the spleen, whereas no such precursors have

been reported in LN in these cases. Hematopoietic progenitors
have been shown to circulate to the periphery through blood and
lymph, but only very small numbers have been detected in lymph
under normal conditions and they were practically undetected
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in LN (58). A human NK precursor has been detected in LN
(59), while it has been shown that at early time points after BM
transplantation T cell lymphopoiesis can occur in extra-thymic
sites, including LN (60). Interestingly, repeated administration
of FL in mice has led to pronounced presence of immature
hematopoietic progenitors in the spleen, as seen in our FLtg and
FLtgxIL7tgmice, but not in LN (61). It appears that in FLtgxIL7tg
mice, the expansion of both lymphoid and myeloid progenitors
due to the combined action of both cytokines is sufficient to
cause the accumulation of hematopoietic progenitors not only in
the spleen but also in LN. This indicates that the environment
in secondary lymphoid organs is able to support hematopoiesis
in “emergency” situations, such as the one in FLtgxIL7tg mice,
which manifest a pronounced myelo- and lympho-proliferative
disease. However, it remains unknown whether this ability of
the FLtgxIL7tg LN to support the accumulation of progenitors
is due to alterations in the LN niche caused by high FL and
IL-7 expression, e.g., up-regulated expression of other cytokines
or adhesion molecules by LN stromal cells. Moreover, an
interesting question is whether the FLtgxIL7tg LN is a site of
on-going hematopoiesis, or if the progenitors only migrate there
and accumulate without differentiating further. In support of
the former hypothesis, FLtgxIL7tg LN-residing progenitors are
functional in reconstituting hematopoietic cells after transfer
to irradiated recipients (Figures 7, 8) and all hematopoietic
developmental stages are represented in the LN in ratios similar
to the ones found in WT BM. Further experiments would be
needed to address this issue.

Collectively, our present analysis of FLtgxIL7tg mice
demonstrates the in vivo synergistic action of FL and IL-7
in promoting lymphoid development and expansion. This is
summarized in Supplementary Figure 9. Our data provide
evidence that secondary lymphoid organs can support the
maintenance of hematopoietic progenitors in conditions of
abnormal hematopoiesis. Further studies of these mice might

elucidate the requirements for extra-medullary residence and
hematopoietic activity of HSC; an issue of clinical importance
for the treatment of lympho-proliferative disorders and blood
malignancies.
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PU.1 is required for the 
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common lymphoid Progenitors
Swee Heng Milon Pang1,2, Carolyn A. de Graaf1,2, Douglas J. Hilton1,2,  
Nicholas D. Huntington1,2, Sebastian Carotta1,2,3†, Li Wu1,2,4*† and Stephen L. Nutt1,2*†

1 The Walter and Eliza Hall Institute of Medical Research, Parkville, VIC, Australia, 2 Department of Medical Biology, University 
of Melbourne, Parkville, VIC, Australia, 3 Oncology Research, Boehringer Ingelheim, Vienna, Austria, 4 Institute for 
Immunology, Tsinghua University School of Medicine, Beijing, China

The transcription factor PU.1 is required for the development of mature myeloid and 
lymphoid cells. Due to this essential role and the importance of PU.1 in regulating several 
signature markers of lymphoid progenitors, its precise function in early lymphopoiesis 
has been difficult to define. Here, we demonstrate that PU.1 was required for efficient 
generation of lymphoid-primed multipotent progenitors (LMPPs) from hematopoietic 
stem cells and was essential for the subsequent formation of common lymphoid progen-
itors (CLPs). By contrast, further differentiation into the B-cell lineage was independent of 
PU.1. Examination of the transcriptional changes in conditional progenitors revealed that 
PU.1 activates lymphoid genes in LMPPs, while repressing genes normally expressed in 
neutrophils. These data identify PU.1 as a critical regulator of lymphoid priming and the 
transition between LMPPs and CLPs.

Keywords: PU.1, transcription factor, multipotent progenitor, common lymphoid progenitor, rag1

inTrODUcTiOn

Hematopoietic stem cells (HSCs) are responsible for the development of all mature blood cell 
types. HSCs are found within the lineage (Lin)−Sca-1+c-Kit+ (LSK) population of the bone marrow 
(BM) and are identified within the LSK population as CD150+CD48− cells [reviewed by Wilson 
et al. (1)]. The LSK population also includes lymphoid-primed multipotent progenitors (LMPPs) 
whose potential is skewed toward lymphocyte and myeloid differentiation (2). LMPPs are defined 
by a characteristically high cell surface concentration of Flt3 and express of a number of lymphoid 
transcripts, a process termed lymphoid priming. One of the genes subject to lineage priming is 
Rag1. Indeed the expression of a GFP reporter expressed from the Rag1 locus can be used to identify 
a population termed the early lymphoid progenitor (ELP) that overlaps with the LMPP (3). The 
common lymphoid progenitor (CLP) is developmentally downstream of the LMPP and its potential 
appears largely restricted to the lymphoid lineages, in vivo, if not in vitro (4–6). CLPs upregulate 
expression of IL-7Rα, while maintaining Flt3 and Rag1/GFP (7, 8). Signaling through both, Flt3 
and IL-7Rα, is required for development to the B cell progenitor stages (9). CLPs can be further 
divided through the expression of Ly6D into a true “all lymphocyte progenitor” (ALP, Ly6D−), 
which can give rise to all lymphocytic lineages, and a “B cell biased lymphocyte progenitor” (BLP, 
Ly6D+) (5, 7). BLPs differentiate directly into committed B cells through the concerted activity of 
E2A, EBF1, and Pax5 (10).

37

https://www.frontiersin.org/Immunology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.01264&domain=pdf&date_stamp=2018-06-11
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/Immunology/editorialboard
https://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.01264
https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:wuli@tsinghua.edu.cn
mailto:nutt@wehi.edu.au
https://doi.org/10.3389/fimmu.2018.01264
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01264/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01264/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01264/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01264/full
https://loop.frontiersin.org/people/566134
https://loop.frontiersin.org/people/567460
https://loop.frontiersin.org/people/61392
https://loop.frontiersin.org/people/74404
https://loop.frontiersin.org/people/42012
https://loop.frontiersin.org/people/30681


Pang et al. Defining PU.1 Function in Early Lymphopoiesis

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1264

PU.1, encoded by the Spi1 gene, has long been implicated as a 
key regulator of the cell fate decisions between the myeloid and 
lymphoid lineages (11–13). PU.1 concentration is highest in mye-
loid cells where it functions as a pioneer factor to broadly promote 
lineage-specific gene expression (14). PU.1 expression is reduced 
approximately 10-fold early during B-lymphopoiesis, and this low 
expression is maintained throughout the B cell differentiation pro-
cess (15, 16). This change in PU.1 concentration is driven at least in 
part by a positive feedback loop that lengthens cell cycle duration, 
thus allowing accumulation of PU.1 protein in myeloid cells (17). 
The appropriate regulation of PU.1 expression is key to the line-
age commitment process as deregulation of PU.1 leads in certain 
lineages to developmental blockade and can result in leukemia 
formation (18–22). The distinct concentrations of PU.1 in myeloid 
and lymphoid progenitors are thought to differentially activate a 
gene regulatory network involving PU.1, Ikaros, and secondary 
determinants such as Egr1 and Gfi1 (23–25). In this model, low 
PU.1 is achieved through the activity of Ikaros and Gfi1, resulting 
in the activation of EBF and the B cell program. This regulatory 
network is by no means complete, as other factors including E2A 
(26), Myb (27), and Mef2c (28) have also been implicated in the 
priming and differentiation of lymphoid progenitors in the BM.

PU.1-deficient embryos or adult mice conditionally deficient 
for PU.1 in HSCs lack mature lymphocytes (29). However, the 
determination as to when in lymphoid development PU.1 is 
required has been complicated by the regulation of several of the 
key diagnostic markers for LMPPs and CLPs (Flt3 and IL-7Rα) 
by PU.1 (12, 30, 31). Interestingly, conditional inactivation of 
PU.1 downstream of CLPs (by an in vitro retroviral transduction 
approach) (32) or B cells by CD19-Cre allows B cell development 
to proceed (33, 34), suggesting that the window of requirement 
for PU.1 is between the HSC and CLP stages. To address this issue 
directly, we have generated PU.1-deficient HSCs that also carry 
the Rag1/GFP reporter allele, thus enabling us to unambiguously 
identify LMPPs and CLPs without PU.1, while Rag1/Cre enabled 
the deletion of PU.1 in CLPs.

MaTerials anD MeThODs

Mice
The Spi1gfp (floxed exon 5 of Spi1 and a GFP knockin into the 
3′ untranslated region) (16), Spi1fl/−MxCre+ (35), Rag1gfp/+ (36), 
Rag1cre/+ (37), and Rosa26-CreERT2 (38) mice have been previ-
ously described. For conditional inactivation of PU.1, Spi1fl/− or 
Spi1fl/flMxCre + mice were injected intraperitoneal (i.p.) with 
5  µg/g body weight of polyIC (GE Healthcare) twice at 3-day 
intervals. Mice were analyzed 14, 28, and 42 days after the first 
polyIC injection. Experimental mice were used at 6–12 weeks of 
age and maintained on a C57Bl/6 background.

Preparation of hematopoietic Progenitors
Hematopoietic cells were flushed from the tibia and femur of 
both legs. To enrich for hematopoietic progenitor populations in 
the BM, antibodies to the following surface molecules were used 
immunomagnetic bead depletion of lineage (Lin) marker-positive 
BM cells: CD2 (RM2-1), CD3 (KT-3.1), CD8 (53-6.7), CD11b/

MAC-1 (M1-70), Gr-1 (RA6-8C5), B220 (RA3-6B2), and eryth-
rocyte (TER119). Lin+ cells were exposed to BioMag goat anti-rat 
IgG beads (Qiagen) and depleted with a Dynal MPC-L magnet 
(Invitrogen). Lin− BM cells were stained with labeled antibodies 
as described below.

Flow cytometry
The following anti-mouse mAbs were used: Sca-1 (E13161.7, 
produced in house), c-Kit (ACK2, produced in house), Flt3 
(A2F10.1; BD Pharmingen), IL-7Rα (B12-1; eBioscience, Bioof), 
Ly6C (5075-3.6), Ly6D (49-H4, BD Pharmingen), CD19 (ID3; 
BD Pharmingen, eBioscience), B220 (RA3-6B2; BD Pharmingen, 
eBioscience), IgM (331.12, BD Pharmingen), NK1.1 (PK136, 
BD Pharmingen), CD49b (HMα2, BD Pharmingen), TCRβ 
(H57-597, BD Pharmingen), CD45.1 (A20, eBioscience), and 
CD34 (RAM34; BD Pharmingen). Anti-rat immunoglobulin-
phycoerythrin and PECy7-streptavidin (BD Pharmingen) were 
used as secondary detection reagents.

Single cell suspensions were prepared in balanced salt solution 
with 2% (v/v) fetal calf serum. Cell staining was on ice for 30 min 
with fluorescent or biotin conjugated antibodies and the samples 
were processed on an LSRII or LSRFortessa flow cytometer (BD 
Biosciences). Propidium iodide exclusion was used to determine cell 
viability. Data were analyzed using FlowJo software (Treestar Inc.).

rna isolation, amplification From lsK 
cells, and array analysis
Total RNA was isolated from LSK cells of PU.1 conditional 
deleted and wild-type animals (three pools of 15–20 mice treated 
with 5  µg/g of body weight polyIC 14  days previously) using 
RNeasy kits (Qiagen). RNA was amplified with the Illumina Total 
Prep RNA Amplification Kit (Ambion) and quantity and quality 
assessed using the Agilent Bioanalyzer 2100. Labeled cRNA was 
hybridized to Illumina MouseWG-6 V 2.0 Expression BeadChips 
at the Australian Genome Research Facility, Melbourne.

The resulting arrays were analyzed in R using the Bioconductor 
package limma (39). Raw intensities were normalized by using 
the neqc function, which performs background and quantile 
normalization using control probes (40). Probes not detected in 
any sample were removed (detection p value <  0.05). Pairwise 
comparisons used linear modeling and empirical Bayes moder-
ated t statistics (41). The false discovery rate (FDR) was controlled 
by the Benjamini–Hochberg algorithm. Differentially expressed 
probes had an FDR of <0.05. Multi-dimensional scaling (MDS) 
plot was produced using expression data for wild-type progenitor 
and stem cell populations obtained from http://haemosphere.org 
(42) using plotMDS function in limma using the top 500 differ-
entially expressed genes. Lineage-specific gene sets obtained from 
http://haemosphere.org (42) were used in gene set tests. p Values 
were obtained with rotation gene set testing (ROAST) using the 
mroast in limma, Benjamini–Hochberg correction for multiple 
testing and 9,999 rotations. Barcode plots were made using the 
barcodeplot function of the limma package.

Gene ontology analyses were obtained from PANTHER 
Classification System version 11.0 (43). Statistical overrepresentation 
test was performed on activated and repressed genes, using 
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FigUre 1 | Reduced numbers of hematopoietic progenitors from PU.1 conditionally deficient bone marrow (BM). Spi1fl/−MxCre−Rag1gfp/+ and Spi1fl/−MxCre+Rag1gfp/+ 
mice were injected with polyIC on days 0 and 3, and analyzed by flow cytometry on day 14. Graph shows (a) the absolute cell numbers in the BM (2× femur and 
tibia), (B) the number of Lin− cells, and (c) the number of Lin−Sca-1−c-Kit+ cells in BM preparation. (D) Representative flow cytometry plot of Lin− BM preparations 
from the mice of indicated genotypes. Boxes indicate the position of the LSK populations. (e) Graph shows the proportion of LSK cells in Lin− BM preparation.  
Each dot represents an individual BM sample. Horizontal line shows the mean ± SD. (F) Absolute LSK cell numbers in the BM. Data in the graphs are the mean cell 
number ± SD from between 9 and 14 mice per genotype. p Values compare the indicated groups using an unpaired t-test. *p < 0.05, ***p < 0.001.
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PANTHER GO-Slim Biological Process. Only results with p value 
<0.05 and positive fold enrichment >1 are displayed.

Quantitative real-Time rT-Pcr
Total RNA was isolated from purified cells using TRIzol 
(Invitrogen). cDNA synthesis used iScript Reverse Transcription 
Supermix (Bio-Rad). Quantification of gene expression was 
performed in triplicate with QuantiTect SYBR Green PCR kit 
(Qiagen) on a C1000 Thermal Cycler (Bio-Rad). The primers are 
listed in Table S1 in Supplementary Material.

In Vitro clonogenic assays
To determine the progenitor frequencies, sorted populations 
were seeded in limiting dilution on OP9 stromal cells in media 
containing 2% IL-7 supernatant and 5  ng/ml Flt3L. 350  nM 
4-hydroxytamoxifen (4OT) was added at day 0. The media was 
diluted 1:3 on day 1 to reduce any cytotoxic effect of the 4OT. 
Cells were scored after 7–10 days as described (44). The clono-
genic frequency was calculated using the ELDA software (45).

statistical analysis
Statistical analysis used the GraphPad Prism software. For the 
non-microarray data, sample size analysis indicates that the 

power to detect a twofold change with a type error of <5% and 
power of 90% confidence and an SD of 20% of the mean is 4 mice/
genotype. We used between 5 and 14 mice/genotype over two to 
three independent experiments as outlined in the figure legends. 
Paired or unpaired, two-tailed, Student’s t-test for two samples 
with equal variance was used as appropriate.

resUlTs

PU.1 expression Peaks in lMPPs During 
early lymphopoiesis
Previous studies have reported that LSK cells and CLPs express 
relatively high amounts of PU.1 (15, 16, 46). However, fine map-
ping of PU.1 expression in the LMPPs and the ALP and BLP 
fractions of the CLP has not been reported. In order to quantify 
the expression of Spi1 mRNA in these purified progenitor popu-
lations, we utilized mice homozygous for a PU.1/GFP reporter 
allele that does not impact on PU.1 function (16) and correlates 
extremely well with PU.1 protein (17). Flow cytometric analysis 
revealed robust PU.1/GFP expression in all multipotent progeni-
tors (MPPs) with lymphoid potential, with expression peaking 
in LMPPs (Figures S1A–C in Supplementary Material). PU.1 
expression reduced slightly in ALPs and BLPs, before dropping 
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FigUre 2 | Absence of lymphoid progenitors from PU.1 conditionally deficient bone marrow (BM). Spi1fl/−MxCre−Rag1gfp/+ and Spi1fl/−MxCre+Rag1gfp/+ mice were 
injected with polyIC on days 0 and 3, and analyzed by flow cytometry on day 14. (a) Upper plots, representative flow cytometry plot of the LSK populations, gated 
as in Figure 1D, from the mice of indicated genotypes. Boxes indicate the position of the Rag1/GFP+ early lymphoid progenitor (ELP) populations. Lower plots, 
ELPs express Flt3 and CD34 in control Spi1fl/−MxCre−Rag1gfp/+ ELPs, but not in the Spi1fl/−MxCre+Rag1gfp/+ cells, confirming the inactivation of PU.1. (B) Graph 
shows the proportion of ELPs cells in the LSK cell gate. Each dot represents an individual BM sample. Horizontal line shows the mean ± SD. (c) Absolute ELP 
numbers in the BM. (D) Representative flow cytometry plot of Lin− BM preparations from the mice of indicated genotypes. Boxes indicate the position of the 
common lymphoid progenitor (CLP)-equivalent populations using Rag1/GFP. (e) Graph shows the proportion of Rag1/GFP+ CLPs cells in the Lin− gate. Each  
dot represents an individual BM sample. Horizontal line shows the mean ± SD. (F) Absolute Rag1/GFP+ CLP numbers in the BM. Data in panels (c,F) are the  
mean cell number ± SD from between 9 and 14 mice per genotype. p Values compare the indicated groups using an unpaired t-test. **p < 0.01, ***p < 0.001.

Pang et al. Defining PU.1 Function in Early Lymphopoiesis

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1264

to the characteristic low expression in pro-B-cells and absence 
in NK  cells. The expression of PU.1/GFP matched closely the 
expression of Spi1 mRNA in the corresponding populations in 
the ImmGen1 (Figure S1D in Supplementary Material) and Gene 
Expression Commons2 [Figure S1E in Supplementary Material 
(47)] databases. Thus within the lymphoid developmental path-
way, PU.1 expression peaks at the LMPP stage.

analysis of PU.1-Deficient lymphopoiesis 
Using rag1/gFP
Conventional fractionation of the lymphoid progenitor compart-
ment relies heavily on cell surface markers Flt3 and IL-7R. We 

1 www.immgen.org (Accessed: March 26, 2018).
2 https://gexc.riken.jp/models/3/genes (Accessed: September 18, 2017).

have previously shown that the gene encoding Flt3, the defining 
marker of LMPPs within the LSK pool and expressed on all CLPs, 
is an obligate PU.1 target gene [(30) and confirmed in all BM 
progenitors in Figures S2A–D in Supplementary Material], while 
other have shown that PU.1 regulates the gene encoding the IL-7Rα 
chain (12), the defining marker of CLPs. To assess the impact of 
PU.1 inactivation for lymphoid progenitors independently of Flt3 
and IL-7R, we have utilized an alternative strategy to identify 
these populations using Rag1/GFP (36). Rag1/GFP expressing 
cells within the LSK population define ELPs (3–6% within the 
LSK cells), which has been demonstrated to be the true lymphoid-
primed subset of the LMPP (3). Despite being lymphoid-primed, 
virtually all ELPs co-express CD34 and Flt3 (Figure S3A in 
Supplementary Material) and only a low proportion (7.3 ± 1.2%) 
expressed cell surface IL-7R. Similarly, there is a high degree 
of surface marker expression overlap between conventionally 
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FigUre 3 | Sustained reduction in lymphoid progenitors in PU.1 
conditionally deficient bone marrow (BM). Spi1fl/−MxCre−Rag1gfp/+ and 
Spi1fl/−MxCre+Rag1gfp/+ mice were injected with polyIC on days 0 and 3,  
and analyzed by flow cytometry on days 28 and 42. Total numbers of  
(a) LSK cells, (B) Rag1/GFP+ early lymphoid progenitors, and (c) Rag1/ 
GFP+ common lymphoid progenitors (CLPs) in the BM of indicated 
genotypes were calculated. The data are mean ± SD from between 5  
and 8 mice per genotype. p Values compare the indicated groups using  
an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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defined CLPs (Lin−Sca-1+c-KitintFlt3+IL-7Rα+) and Lin−Sca-1+c-
KitintRag1/GFP+ CLPs (Figure S3B in Supplementary Material) 
(7, 8). Importantly, our previous RNAseq analysis has shown that 
Rag1 expression is independent of PU.1 in B cell progenitors (48). 
Thus Rag1/GFP can be used as a reliable surrogate for Flt3 and 
IL-7R in the identification of LMPPs and CLPs in the absence of 
PU.1.

To investigate the requirement of PU.1 in hematopoietic pro-
genitors, we have administered polyIC into Spi1fl/−MxCre−Rag1gfp/+ 
or Spi1fl/−MxCre+Rag1gfp/+ mice, to generate heterozygous and null 
cells, respectively. PolyIC activates the MxCre transgene via the 
type I interferon pathway (49), a process that transiently perturbs 
BM hematopoiesis, although we have previously shown that 
control hematopoiesis returns to the steady state within 14 days 
of the treatment (35). The mouse Spi1 and Rag1 genes are closely 
linked on chromosome 2. Due to inefficient meiotic crossover, we 
were unable to any offspring of Spi1fl/fl x Rag1gfp/+ crosses carrying 
the Spi1fl and Rag1gfp alleles on the same chromosome. We did, 
however, obtain a single recombination event from a Spi1fl/− and 
Rag1gfp/+ cross that resulted in linkage between the Spi1− (null) 
allele and Rag1gfp. Thus for this technical reason, we comp-
ared Spi1fl/−MxCre−Rag1gfp/+ (control) and Spi1fl/−MxCre+Rag1gfp/+  
(experimental) genotypes in each experiment. At this time 
point, PU.1 inactivation resulted in a modest reduction in overall 
BM cellularity, but a markedly increased proportion of these cells 
were Lin− progenitors (Figures 1A,B). The increased Lin− com-
partment in Spi1fl/−MxCre+Rag1gfp/+ mice was due to an increase 
in the proportion of Sca-1−c-Kit+ myeloid progenitors as we have 
previously shown [Figures 1C,D (35)]. This analysis also revealed 
a highly significant reduction in the proportion of LSK cells 
without PU.1 (Figures 1D,E). However, when absolute cellularity 
was determined, it became apparent that loss of PU.1 resulted in a 
twofold reduction in LSK cells (Figure 1F). Thus the loss of PU.1 
had a relatively mild impact on the frequency of LSK cells.

Analysis of the ELP fraction of the LSK revealed that PU.1 
inactivation resulted in a significant decrease in the proportion 
and frequency of ELPs (Figures 2A–C). Importantly, the remain-
ing ELPs lacked Flt3, suggesting that they were PU.1 deficient 
(Figure 2A). By contrast, analysis of the Rag1/GFP+ CLP fraction 
showed an absence of CLPs in the BM, indicating that PU.1 was 
essential for the formation of these cells (Figures 2D–F). Although 
the experiments described in Figures  1 and 2 were conducted 
14  days after the initial polyIC treatment, we believe that this 
represented the steady-state situation as analysis of the frequency 
of the LSK, ELP, and CLP populations at days 28 and 42 after 
polyIC exposure produced very similar results (Figures 3A–C).  
Taken together these data indicate that the requirement for 
PU.1 progressively increases as lymphoid progenitors transition 
between the LSK and CLP compartments.

PU.1 is Dispensable From the clP stage 
of Development
The data described above demonstrated that PU.1 was required 
for the development of Rag1/GFP+ CLPs from LMPPs, although 
whether PU.1 has an essential function in CLPs was unclear. 
A previous study showed that removal of PU.1 in CLPs was 

compatible with B cell development (32), however, as that study 
required the CLPs to be cultured for 2 days in B cell promoting 
conditions prior to Cre activation and PU.1 removal, it remained 
to be determined if PU.1 was required at the CLP stage of differ-
entiation in vivo. To address this question, we crossed the Spi1fl/− 
allele to Rag1cre/+ knockin mice (note that Rag1cre/gfp mice lacked 
lymphocytes beyond the pro-B/T  cell stage due to the absence 
of Rag1 function but allowed the tracking of the Rag1/GFP+ 
CLPs). In this case, we achieved the desired meiotic crossover, 
producing a copy of chromosome 2 carrying Spi1fl and Rag1cre. 
Rag1/Cre has been shown to initiate deletion of a floxed allele 
in the LSK compartment (37), has substantial but not complete 
activity at the CLP stage (50) and complete deletion in pro-B and 
pro-T cells (51). To check for the efficacy of Rag1/Cre in lym-
phoid progenitors, we assessed Flt3 expression in Lin− BM from 
Spi1fl/−Rag1cre/gfp and control Spi1fl/−Rag1+/gfp mice as a surrogate 
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FigUre 4 | PU.1 is not required for the persistence of common lymphoid progenitors (CLPs). (a) Lineage-depleted (Lin−) bone marrow (BM) was isolated from 
Spi1fl/−Rag1+/gfp and Spi1fl/−Rag1cre/gfp mice and Rag1/GFP+ early lymphoid progenitors (ELPs), all lymphocyte progenitors (ALPs), and biased lymphocyte progenitors 
(BLPs) of each indicated genotype were assessed for Flt3. (B–D) Lin− BM from Spi1fl/−Rag1+/+ and Spi1fl/−Rag1cre/+ mice were analyzed for the (B) frequency and  
(c) number of CLPs and (D) number of ALPs and BLPs. Boxes show the position of gating for the cell type being analyzed. (e) Lineage-depleted (Lin−) BM was 
isolated from Spi1fl/−Rag1+/gfp and Spi1fl/−Rag1cre/gfp mice and Rag1/GFP+ ALPs and BLPs of each indicated genotype were assessed for IL-7R. Data in panels  
(a,e) are representative of two experiments each consisting of two mice per genotype. Data in panels (B–D) are the mean ± SD from between 9 and 13 mice per 
genotype. (F) Sorted LSK cells, lymphoid-primed multipotent progenitors (LMPPs), and CLPs from Spi1fl/flCreERT2 and control Spi1+/+CreERT2 mice and cultured in 
limiting dilution with OP9 stromal cells in the presence of IL-7 and Flt3L for 7–10 days. 350 nM 4-hydroxytamoxifen was added to all cultures on day 1 and diluted 
threefold after 24 h. The mean clonogenic frequency ±5% confidence interval of two experiments each with triplicate measurements is shown. p Values compare 
the indicated groups using an unpaired t-test. *p < 0.05, **p < 0.01.
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marker for PU.1 deletion. We observed a marked reduction of 
Flt3 expression in ALPs and BLPs within the CLP compartment 
(Figure 4A), suggesting that Spi1 deletion occurred efficiently in 
those cells, while as expected the majority of ELPs maintained 
Flt3 expression (Figure  4A). The fluorescence intensity of the 
IL-7R was similar between the genotypes suggesting that PU.1 
was not required for Il7r expression at the ALP or BLP stages of 
development (Figure 4E).

In keeping with the onset of Spi1 inactivation at the CLP stage, 
the proportion and absolute number of LSK cells and LMPPs in 
the BM of Spi1fl/−Rag1cre/+ and control Spi1fl/−Rag1+/+ mice was 
equivalent (Figures S4A–D in Supplementary Material). Closer 
examination of the CLP compartment revealed a statistically 
significant increase in total CLPs in the absence of PU.1, which 
resulted from a similarly increased proportion and frequency of 
ALPs (Figures 4B–D). The frequency of BLPs, the earliest B cell 
progenitor and lineage committed pro and pre-B cells were equiva-
lent between the genotypes suggesting that PU.1 activity appears 
largely dispensable for the differentiation of CLPs into mature 
lymphoid lineages in vivo (Figures 4B–D and data not shown).

The conclusion that PU.1 was not required beyond the transi-
tion to the CLP stage was supported by in vitro clonogenic assays. 
These experiments utilized Spi1fl/fl mice crossed to the Rosa26-
CreERT2 (Spi1fl/flCreERT2) allele that allows 4-hydroxytamoxifen 
(Tam) mediated induction of Cre activity in  vitro. LSK cells, 
LMPPs and CLPs were isolated from the BM of Spi1fl/flCreERT2 
and control Spi1+/+CreERT2 mice and cultured in limiting dilution 
with OP9 stromal cells, plus Flt3L, and IL-7 for 7–10 days. All cul-
tures were exposed to 350 nM Tam for the first day. As expected, 
all progenitor fractions from the control PU.1+/+CreERT2 gave rise 
to B cells colonies at a cloning frequency of ~10% (Figure 4F). 
LSK cells and LMPPs from Spi1fl/flCreERT2 mice showed marked 
reduction in B cell clonogenic potential (11.9-fold reduction for 
HSCs and 14.7-fold reduction for LMPPs) compared to controls. 
By contrast, CLPs from the same mice were much less sensitive to 
PU.1 loss (threefold reduction compared to controls) a finding in 
agreement with a previous study (32). Collectively, these results 
demonstrate that PU.1 is required for the LMPP to CLP transition 
and suggested no obligate role for this factor at subsequent points 
in early B cell development.

PU.1 activates lymphoid associated 
genes in MPP cells
In order to examine the transcriptional roles of PU.1 in early 
progenitor populations, we purified wild type (Spi1+/+MxCre+) 

and PU.1-deficient (Spi1flflMxCre+) LSK cells from mice treated 
14 days previously with polyIC, and subjected the cells for gene 
expression profiling by oligonucleotide microarray. Analysis 
of this data revealed 1,971 differentially expressed transcripts, 
including 1,090 whose expression increased in the absence of 
PU.1, such as the transcription factors Gfi1 and Cebpe, and 881 
genes that required PU.1 for full expression including the known 
targets Csf1r, Il7r, and Mef2c (FDR  <  0.05, Figure  5A). Ebf1, 
another target of PU.1 in pro-B cells (52), was not differentially 
expressed between the wild type and PU.1-deficient hematopoi-
etic progenitors. We confirmed the efficient inactivation of Spi1 as 
the signal detected from the oligonucleotide probe correspond-
ing to the floxed Spi1 exon 5 decreased >80% in each sample 
(Figure 5A). Pathway analysis revealed that the activated genes 
encoded proteins mostly involved in signaling, adhesion, and 
metabolic processes, while the repressed genes were associated 
with developmental and immune processes (Figure 5B).

To explore the relationships between the wild type and PU.1-
deficient hematopoietic progenitors in an unbiased way, we meas-
ured the transcriptional distance between any pair of expression 
profiles. This analysis used the leading fold change, defined as the 
average fold change for the 500 genes most different between the 
samples. Data are shown on an MDS plot where the distances on 
the plot correspond to log2-leading fold change (Figure 5C). This 
analysis revealed that PU.1-deficient LSK cells clustered closely 
to the myeloid progenitors (common myeloid progenitor and 
granulocyte macrophage progenitor), in contrast to the control 
LSK cells that clustered adjacent to the defined HSC (LT- and ST-) 
and MPP populations (Figure 5C). This conclusion was further 
supported by cell lineage-specific gene set testing showing that 
repressed genes were enriched for the neutrophil lineage associ-
ated transcripts (Figures  5A,D), most likely representing the 
aberrant c-Kitint population observed in the PU.1-deficient LSK 
cells [Figures  1C,D and (35)]. Most importantly, signatures of 
MPPs, B cell, and DC lineages were lost in the absence of PU.1 
(Figure 5D).

To confirm the role for PU.1 in promoting the transcriptional 
priming of lymphoid genes in the MPPs, we analyzed the expres-
sion of some of the cohort of neutrophil and B cell specific genes 
identified in Figure 5D, in purified Rag1/GFP+ (ELP) and Rag1/
GFP− (“HSC”) LSK cells, as well as Lin−Sca-1−c-kit+ myeloid 
progenitors from the BM of Spi1flflMxCre+Rag1gfp/+ (from a newly 
generated mouse line housing a meiotic recombination producing 
linked Spi1fl and Rag1gfp) and control Spi1+/+MxCre−Rag1gfp/+ mice 
(Figure 5E; Figure S5 in Supplementary Material). The efficient 
deletion of Spi1 was confirmed by the absence of Flt3 on the cell 
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FigUre 5 | PU.1 is required for lymphoid gene priming in LSK cells. (a–D) Spi1+/+MxCre+ and Spi1fl/flMxCre+ mice were injected with polyIC on days 0 and 3, and 
LSK cells were isolated by flow cytometry on day 14. Three independent samples of LSK cells from each genotype (each a pool of 15–20 individual mice) were 
analyzed by gene expression profiling. (a) Scatter plot of differential expression. Genes with significantly increased (red) or decreased (blue) in the absence of PU.1 are 
indicated (false discovery rate < 0.05). The number of differentially expressed genes is indicated. Position of probes corresponding to genes of interest is highlighted. 
(B) Bar charts showing gene ontology classification of activated and repressed genes by Panther GO-Slim biological process dataset (p value < 0.05 and fold 
enrichment > +1). The number of differentially expressed genes in each GO category are indicated (c) MDS plot of top 500 differentially regulated genes to 
demonstrate the relatedness of gene profiles of the indicated populations. Abbreviations: LT-HSC, long term-hematopoietic stem cell; ST-HSC, short term-HSC; MPP, 
multipotent progenitor; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; GMP, granulocyte macrophage progenitor; MDS, multi-dimensional 
scaling. Each dot represents the indicated dataset. Close clustering of biological replicates of each cell type is highlighted by shaded ovals. (D) Barcode plot of B cell, 
MPP, dendritic cell, and neutrophil gene signatures compared to gene expression changes after Spi1 deletion in LSK cells. Genes (shaded rectangles; horizontally 
ranked by moderated t-statistic) upregulated (pink; t > 1), downregulated (blue; t < −1) or not altered (gray) in Spi1+/+MxCre+ compared to Spi1fl/flMxCre+ LSK cells. 
Vertical black lines indicate the genes from the indicated signatures. Top, worm shows relative local enrichment of signature genes in each part of the plot with the 
dotted horizontal line indicating neutral enrichment. Data of the indicated populations in panels (c,D) were obtained from http://haemosphere.org (42). (e) Quantitative 
real-time RT-PCR of indicated lymphoid and myeloid associated genes to confirm differential gene expression. Spi1fl/flMxCre−Rag1gfp/+ and Spi1fl/flMxCre+Rag1gfp/+ mice 
were injected with polyIC on days 0 and 3, and Rag1/GFP− LSK cells (“HSC”), Rag1/GFP+ LSK cells [early lymphoid progenitor (ELP)], and Lin−c-kit+Sca-1− (myeloid 
progenitor cells) were isolated by flow cytometry on day 14 (as described in Figure S5 in Supplementary Material). Expression values are the mean ± SD of three 
independent experiments and are normalized to Hprt. p Values compare the indicated groups using an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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surface (Figure S5 in Supplementary Material), and again by the 
reduced mRNA for Csf1r (encoded for MCSF-R) whose expres-
sion is regulated by PU.1 (53) (Figure  5E). In agreement with 
the gene expression studies, we confirmed eight downregulated 
genes for the B cell lineage (Dntt, Cd79a, Oct2, Pcp4l1, Pf4, Tek, 
Slc22a18, and Aqp1) and two upregulated genes (Slpi, Nmes1) for 
neutrophil lineage in PU.1-deficient ELPs (Figure 5E). Together, 
these data demonstrate that PU.1 is broadly required to prime 
the expression of lymphoid genes and suppress some neutrophil 
genes in ELPs for subsequent formation into CLPs.

DiscUssiOn

PU.1 is one of a small group of transcriptional regulators, including 
Ikaros, E2A, Mef2c, EBF1, Myb, and Pax5 that control the specifica-
tion and commitment of lymphoid progenitors to the B cell pathway 
(54–56). Although, it has long been known that PU.1 is required 
for lymphocyte formation from either the fetal or adult HSCs, the 
function of PU.1 in lymphopoiesis and the exact point at which it 
is required has proven more elusive. Here, we demonstrate using 
conditional mutagenesis that PU.1 is required for efficient LMPP 
formation and for the subsequent differentiation to the CLP stage.

It has been proposed that the concentration of PU.1 in 
MPPs determines myeloid (high PU.1) or lymphoid (low PU.1) 
outcomes (13). Our analysis of Spi1 transcription using a GFP 
reporter allele that did not impact on PU.1 function (16) sug-
gests that Spi1 was relatively uniformly expressed throughout 
early hematopoietic development, with expression peaking at the 
LMPP stage. These data mirrored closely the expression of Spi1 
mRNA in wild-type hematopoietic cells. Within the lymphoid 
developmental pathway PU.1 expression slowly declined but was 
not markedly downregulated until the pro-B  cell (Fraction B)  
stage. By contrast, myeloid progenitors cells express an even 
higher concentration of PU.1 than that observed in LMPPs, 
which peaks in mature myeloid cells (13, 15–17, 19, 30, 57).

One of the limitations in mapping PU.1 function in early lym-
phopoiesis has been due to its role in the transcriptional regula-
tion of the genes encoding Flt3 (30) and the α chain of the IL-7R 
(12), markers critical for defining the LMPP and CLP. Expression 
of Rag1/GFP in the LSK compartment defined ELPs that are the 
most lymphoid-primed component of the LMPP, while GFP 

expression in Lin−Sca-1+c-kitint cells defined CLPs, independent 
of either Flt3 or IL-7R. Generation of PU.1-deficient hematopoi-
etic progenitors expressing Rag1/GFP overcame this technical 
bottleneck, as the expression of Rag1 is PU.1 independent in both 
pro-B  cells and ALPs [(48) and data not shown]. This analysis 
revealed that PU.1 was required for the efficient production of 
LMPPs and was essential for CLP formation. The requirement 
was very stage specific as the removal of PU.1 using Rag1/Cre 
was compatible with CLP formation and B cell differentiation, in 
agreement with a previous study using a less direct approach (32). 
Thus, the critical role of PU.1 in lymphopoiesis occurs before the 
CLP stage of development by inducing lymphoid-specific genes 
and keeping myeloid genes in check at the LMPP stage. Although 
in the current study we have only addressed PU.1 function in 
adult BM lymphopoiesis, recent analysis of mice homozygous 
for a hypomorphic allele of Spi1 [UREΔ/Δ (20)] demonstrated a 
concentration dependent function for PU.1 in controlling distinct 
waves of fetal and adult B-lymphopoiesis, suggesting additional 
complexities in the process (58). It should also be noted that the 
importance of PU.1 in some aspects of later B cell differentiation, 
such as at the pre- and mature B cell stages is masked by functional 
redundancy with the closely related gene, SpiB (59–61).

The phenotype arising from PU.1 deficiency, is broadly similar 
to that observed in mice lacking E2A (26), Mef2c (28), Ikaros 
(31,  62), and Myb (27), factors also required for the priming 
of lymphoid lineage genes in LSK cells. The links between PU.1 
and the other members of this gene regulatory network are only 
partially understood. PU.1 directly regulates Mef2c, a factor that 
also regulates the myeloid versus lymphoid fate decision in hemat-
opoietic progenitors and is essential for the formation of CLPs (28). 
It has been proposed that PU.1 concentration is determined by a 
regulatory circuit whereby activation of the lymphocyte-promoting 
factor Ikaros, itself an essential for lymphopoiesis, represses PU.1 
expression either directly or via the induction of the repressor Gfi1 
(25). In keeping with this concept, B cell development is impaired 
in the absence of Gfi1 and can be partially restored by the removal 
of one allele of Spi1 or by shRNA-mediated knockdown of Spi1. 
Interestingly, Gfi1 expression was increased in PU.1-deficient LSK 
cells, suggesting that PU.1 also functions at some level to repress 
Gfi1 (Figure 5A). Similar counteracting networks are also known 
to result in multi-lineage priming and contribute to myeloid cell 
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lineage determination (63). Together with the regulation of the two 
key cytokine receptors, Flt3 and IL-7R, it is likely that the regulation 
of these targets is sufficient to explain the important function of 
PU.1 in the transition from the LMPP to CLP stage of development.
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Around four decades ago, it had been observed that there were cell lines as well as

cells in the fetal liver that expressed antibody µ heavy (µH) chains in the apparent

absence of bona fide light chains. It was thus possible that these cells expressed another

molecule(s), that assembled with µH chains. The ensuing studies led to the discovery of

the pre-B cell receptor (pre-BCR), which is assembled from Ig µH and surrogate light

(SL) chains, together with the signaling molecules Igα and β. It is expressed on a fraction

of pro-B (pre-BI) cells and most large pre-B(II) cells, and has been implicated in IgH chain

allelic exclusion and down-regulation of the recombination machinery, assessment of the

expressed µH chains and shaping the IgH repertoire, transition from the pro-B to pre-B

stage, pre-B cell expansion, and cessation.
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THE GENES ENCODING SL CHAIN

In the late 70’s, it was shown that certain cell lines and cells in the fetal liver expressed antibody µ

heavy (µH) chains in the absence of bona fide light chains (1, 2) which was surprising considering
thatµH chains by themselves might be toxic to the cell. A few years thereafter, a gene termed λ5 was
cloned in mice (3), which showed homology to the constant region of Ig λL chains, Cλ1–4, hence
the fifth. However, by contrast to IgλL (and κL) chains,λ5 did not undergo recombination. Around
that time a molecule termed omega was shown to associate with µH chains in pre-B but not B cell
lines (4), and it was suggested that this might function as a “surrogate” for bona fide IgL chains, and
“may well prove to be the product of the λ5 gene.” Subsequently it was indeed found to be the case.
Anyhow, examining the λ5 gene inmore detail it was clear that exons 2 and 3 showed homology to J
and C of bona fide λ light chains whereas exon 1 did not show homology to Ig or any other known
protein (5). It was thus unclear whether a variable-like gene or gene segment was missing. Soon
thereafter, the VpreB1 and VpreB2 genes were cloned (6). The two genes are 97% identical, and did
indeed show homology to Ig V gene segments in exon 1 whereas exon 2 did not show homology
to Ig or any other known protein. It was later on shown that both VpreB genes are transcribed,
although VpreB2 is expressed at lower levels than VpreB1 (7). The human counterpart, VPREB1
was cloned soon thereafter of which there is only one in the genome (8), and it turned out that
IGLL1 (λ5) had already been cloned (14.1) (9, 10). There are two additional IGLL1, 16.1, and 16.2,
which are pseudogenes though seemingly used as templates in a process termed gene conversion
(11). The genes encoding surrogate light (SL) chain are located on the same chromosome as Ig λL
chains, on chromosome 16 and 22, in mice and humans, respectively. In mice, VpreB1 and λ5 are
located 4–5 kb apart, whereas VpreB2 is located approximately 1Mb downstream of λ5 and around
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1Mb upstream of the λL locus. The organization of these genes in
humans is quite different in that VPREB1 is located within the λL
V gene segments whereas IGLL1 (14.1, 16.1, and 16.2) is located
downstream of Cλ7. For simplicity, the genes in both mice and
humans are hereafter termed VpreB1 and λ5.

THE pre-BCR COMPLEX

That the VpreB1 and λ5 genes encode the SL chain and did
indeed form a complex with µH chains was demonstrated by
several groups, and it was also shown that the signalingmolecules
Igα and β were part of the complex and necessary for pre-B
cell receptor (pre-BCR)-mediated signaling (Figure 1) (12, 13).
As mentioned, the VpreB and λ5 genes show homology to IgL
chains, Vλ and J–Cλ, respectively, and each gene also encodes
a unique region (UR). The VpreB-UR is encoded by the second
exon and results in a tail of around 20 amino acid (aa) residues,
and the λ5-UR is encoded by the first exon and results in a tail
of ∼ 50 aa. Both URs are unusual in that they contain a high
proportion of charged residues, the VpreB-UR contains several
negatively charged and the λ5-UR several positively charged
aa residues of which most are arginine. Proper folding and
stabilization of SL chain require the URs as well as the extra
beta-strand in λ5 (14). Structure analyses of a mouse pre-BCR
using NMR suggested that the two URs meet and protrude
where the CDR3 of L chains would be located in a BCR (15)
(Figure 1). This as well as the importance of the extra beta-
strand in IGLL1 was confirmed after crystallization of a human
pre-BCR (16), although most of the two URs were removed in
order to crystallize the complex. Nevertheless, this study also
suggested that a pre-BCR resembles a BCR with the exception
of the URs that appear to protrude from the complex. The latter
has implications in that it indicates that the pre-BCR might bind
one or more ligand(s). Additional NMR studies have shown that
the human λ5-UR displays a helical structure (15) and binds to
galectin-1 (17).

A LEAKY PHENOTYPE OF SL CHAIN
DEFICIENT MICE

After the discovery of the SL proteins and genes, as discussed
above, the question was, what the function of such a SL chain
would be during B cell development. With the advent of gene
targeting in embryonic stem cells (18) and the first germline
transmission of the targeted cells to generate knockout mice (19)
gene targeting was the first choice to illuminate the function
of the SL chain in the mouse. Already in 1992, Kitamura et al.
published the analysis of the λ5 knockout (λ5T) mouse (20). The
λ5T mouse was among the first 50 knockout mice ever created,
illustrating the interest in the function of the SL chain at the time.
The phenotype of the mice was surprising to the authors as B cell
numbers and frequencies were reduced in the mutant mice but
B lymphocytes were clearly present and serum immunoglobulin
levels reached almost normal levels (20). Moreover, later on
the genes of the other component of the SL chain were
mutated, namely Vpreb1 and Vpreb2, where VpreB1/VpreB2

FIGURE 1 | The pre-B cell receptor (pre-BCR). A pre-BCR is assembled from

antibody heavy (µH) and surrogate light chains together with the signaling

molecules Igα and Igβ. The SL chain is composed of VpreB1/2 and λ5. VpreB

and λ5 each contains a unique region, depicted as tails protruding from the

respective molecule.

double-mutant mice displayed a phenotype very similar to λ5T
mice (21). Targeting the two separately demonstrated a slight
reduction in pre-B cells in mice lacking VpreB1 but not in those
lacking VpreB2, presumably due to the lower expression levels
of the latter (22, 23). The complete deletion of λ5, VpreB1, and
VpreB2 resulted in no additional phenotype regarding B cell
numbers (24).

In the year before, Kitamura et al. used a knockout mouse
model in which the membrane part of µH chain was deleted
to show that expression of a membrane bound µH chain is
absolutely essential for the development of B lymphocytes (25).
Likewise, mice with targeted mutations in the Rag-1 or Rag-
2 genes, unable to perform VDJ recombination and therefore
unable to express a µHC protein, had no detectable mature B
cells in the lymphoid organs (26, 27). This had been published
just 2 months before the publication of the λ5T mouse. As
the signaling capacity of the pre-BCR as well as the BCR was
believed to be dependent on Igα and Igβ (28, 29), it was not
surprising that B29/Igβ mutant mice also lacked B cells in the
peripheral lymphoid organs (30). In addition, it was later shown
that Igα and Igβ are not redundant in their function, as also Igα
deficient mice lack detectable B cells (31). In light of the complete
absence of B cells in these knockout mice with defects in the
formation, the membrane deposition or signaling capacity of the
preBCR, the incomplete phenotype of λ5T mice was puzzling
and the phenotype was called “leaky” (20), perhaps referring
to the leaky phenotype of scid mice (32). Clearly, much had
to be learned about B cell development at the time. Over the
next 4–5 years, several laboratories, including that of Ton Rolink
and Fritz Melchers at the Basel Institute of Immunology were
involved in unraveling the cellular and molecular processes of
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B cell development, and in particular the role of the SL chain.
During this time, the phenotype of the pre-Tα (part of the pre-T
cell receptor) knockout mice was published with an astonishingly
similar phenotype to that of the λ5T mice in the development
of α/β T cells (33). T cell development is strongly impaired but
mature α/β T cells do develop.

UNDERSTANDING THE FUNCTION OF THE
PRE-B CELL RECEPTOR IN B CELL
DEVELOPMENT

The earliest understanding of the coordinated development of
B lymphocytes according to the rearrangement status of the
immunoglobulin genes was derived from the analysis of Abelson
virus-transformed pro- and pre-B cell lines. In a seminal paper
published 1984 by Alt and colleagues the ordered rearrangement
model of B cell development was proposed (34). The positive
regulatory role of the µH chain on progression in differentiation
was directly shown in transformed B cell lines that sequentially
undergo Ig rearrangements in cell culture (35). The experiments
with transformed cell lines suggested that D to JH precede VH

to DJ rearrangements in the IgH locus and IgH rearrangement
precedes that of IgL. In addition, the experiments by Reth et al.
on transformed pre-B cell lines suggested that a successfully
rearranged IgH, i.e., encoding a µH chain protein, directly
mediates differentiation as well as recombination of the IgL loci
(35). This apparently strict dependency on µHC expression for
IgL recombination was later debated in the context of explaining
the leaky phenotype of the λ5T mouse. Ehlich et al. had shown
that the IgH and IgL loci rearrange independently at early
stages of B cell development (36). In the laboratory of Rolink
and Melchers, IgκL recombination independent of µH chain
expression was shown in IL-7-cultured pre-B cell lines and clones
(37), but IgL rearrangement only occurred after differentiation
into small pre-B cells.

Several different models for B cell development were proposed
in 1991 and used by different laboratories over the coming
years (38–40). The scheme proposed by Osmond (39) used the
expression of the TdT and µH chain proteins in combination
with B220-positivity to distinguish three µH chain negative pro-
B cell stages, large cycling and small resting pre-B cells expressing
intracellular µHC (icµHC) and resting B cells expressing surface
µH chain (IgM) (39). Hardy et al. described several early pro-
B cell subpopulations with the help of the cell surface markers
B220, CD43, BP-1(CD249), and heat-stable antigen (HSA, CD24)
(38), resulting in three fractions A, B, and C that were cµHC
negative. CD43-negative pre-B cells were termed fraction D and
surface IgM positive cells fraction E and fraction F, the latter co-
expressing IgD. The clear advantage of this characterization as
opposed to the intracellular markers used by Osmond was the
possibility to separate living cells by FACSwas possible for further
analysis, e.g., in in vitro culture systems and for RNA/DNA
analyses. The scheme proposed by Rolink and Melchers (40),
finally, focused entirely on the Ig rearrangement status of the
B cell progenitors and precursors for their nomenclature. B cell
progenitors without rearrangements in the Ig loci were named

pro-B cells, DJH-rearranged cells were named pre-BI and those
with a VHDJH-rearrangement were named pre-BII cells. SL chain
expression was found in pro-B, pre-BI and pre-BII cells but not
in IgM surface positive B cells (40). Interestingly, none of the
schemes at that time had a clear idea at which stages exactly the
pre-BCR would be expressed, which was described on the cell
surface of cell lines by Tsubata and Reth (13).

A break-through for further insights into the role of the SL
chain in B cell development was when the Rolink and Melchers
laboratory discovered two surface markers whose expression
matched the µHC-negative and µHC-positive stages of pro-B
and pre-B cells, respectively. The membrane tyrosine kinase c-
kit (CD117) is expressed on µHC-negative pro-B cells in the
BM (41) and CD25 on µH chain positive pre-B cells (42). The
latter publication has 222 citations until today. With the help of
monoclonal antibodies against the SL chain Karasuyama et al.
showed that the SL chain is expressed on cycling cells which are
µH chain negative and are also present in Rag-deficient mice, i.e.,
on pro-B cells (43). This correlated with RNA-expression data
published before, showing that λ5 and VpreB1 are expressed in
fractions B and C according to the nomenclature of Hardy (44).
Both publications agreed that SL chain expression is confined
to cycling cells at early stages of B cell development in the
mouse (43, 44). This was in contrast to findings by the group
of Max Cooper analyzing human pre-B cell development and
describing surface pre-BCR expression at late stages of pre-
B cell development (45). Whereas it was still not possible to
detect the pre-BCR on the surface in mice, in humans a weak
surface expression was inevitably shown by Lassoued et al. (45),
confirming the potential signaling function proposed by Tsubata
and Reth (13). With yet another monoclonal antibody shown to
specifically bind to an epitope formed by the µHC in complex
with the SL chain it was finally possible to detect the pre-BCR
on the cell surface of ex vivo isolated mouse bone marrow B
lymphocytes (46). Two different complexes containing the SL
chain were detected on pro- and pre-B cells isolated from the
bone marrow. One complex present on all c-kit positive pro-B
cells consisted of λ5 and VpreB1 but not µHC. As these were
pro-B cells, the complex was termed a pro-BCR, a receptor that
in addition to SL chain consists of several molecules, of which
only one has been characterized, BILL-Cadherin/cadherin-17
(47). Also, human pro-B cells express a pro-BCR (48).The other
complex, as detected by the pre-BCR specific antibody SL156 was
present on a small subpopulation of extremely large and cycling
pre-B cells at the transition of pro-B and pre-B cells. These cells
have downregulated c-kit almost entirely and express CD25 as
a marker for pre-B cells (46). These finding not only reconciled
the discrepancies between human andmouse SL chain expression
but also placed the pre-BCR expression at a heavily cycling stage
of B cell developmental at the transition from the pro-B to pre-B
cell stage.

The heavily cycling status of pre-BCR positive cells and
the detection of a significant population of cµHC-positive
CD25+ pre-B cells that apparently have downregulated SL chain
expression [(42–44), (46)] before they become small pre-B cells
led the group of Rolink and Melchers to propose the model
of proliferative expansion of pre-B cells as a major function of
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the SL chain (49). According to this model that is now widely
accepted, the pre-BCR induces the proliferative expansion of pre-
B cells that have undergone successful VHDJH recombination
and express a µHC (49) (Figure 2). This also explained the
observation that Rag-deficient mice expressing a µH chain
transgene fill up the pre-B cell compartment to normal numbers
(42). In addition, this model explains the phenotype of the
λ5 knockout mouse (Figure 2). In the absence of proliferative
expansion pre-B cells could develop further albeit with very
low efficiency to the small pre-B cell stage in which light
chain recombination is activated. Interestingly, Decker et al.
proposed already in 1991 that pre-B cells would undergo five
to six divisions subsequent to VH to DJH rearrangement (50).
A publication by Rolink et al. showed that even in culture
medium sorted pro-B become pre-B cells in vitro and divide
spontaneously up to six times (51). This cell division was not
observed, when pro-B cells from λ5 knockout mice were sorted
and cultured. Finally, Hess et al. directly demonstrated induction
of proliferation mediated by the pre-BCR using a tetracyclin-
system where µH chain expression could be switched on and off
in Rag-deficient pro-B cells (52). Using five to six cell divisions as
an assumption for cells at the pre-B stage, λ5Tmice would have a
32- to 64-fold reduced pre-B cell compartment and accordingly a
similar decrease in immature B cells. This reflects almost exactly
the reduction of the pre-B and immature B cell compartment
originally suggested (20) and also obtained by the quantitative
analysis of the λ5 knockout mice published by Rolink et al. (53).
The SL chain is necessary to generate large enough numbers
of B cells (Figure 2). Although the proliferative expansion of
pre-B cells generates cells with identical IgH rearrangements
this is not a problem for repertoire diversity, as each cell will
randomly rearrange and express a different IgL chain (Figure 2).
In addition, and discussed later, the pre-BCR considerably shapes
the VH-repertoire.

THE ROLE OF THE PRE-B CELL
RECEPTOR FOR ALLELIC EXCLUSION

The ordered rearrangement model of B cell development also
supports a regulated mechanism of IgH allelic exclusion in which
a VHDJH rearrangement, if productive, prevents an additional
VH-to-DJH rearrangement on the other allele (34). As this
feedback inhibition model predicted, the targeted disruption of
µHC membrane exon was shown to cause loss of IgH allelic
exclusion (54). Surprisingly, in the λ5T mouse allelic exclusion
was found to be perfectly normal, when analyzing mature B
cells (20). This was puzzling and suggested to the authors that
bona fide IgL chains could substitute for SL chain. Whereas, it
was consistently found that IgL recombination does not require
expression of SL chain expression or µH chain (36, 37), it was
vividly discussed at the International Titisee Conference in 19941,
whether IgL rearrangement is occurring at early stages of B cell
development (36, 44, 55, 56), and hence could substitute for SL
chain in the λ5T mouse, including signaling of allelic exclusion.

1https://www.bifonds.de/titisee-conferences/past-conferences/past-conference/

items/titisee-conferences-pastitc_19941005-70itc.html

FIGURE 2 | Simplified scheme of B cell development in wild type and SL chain

knockout mice. At the pro-B cell stage, several cell divisions take place (not

shown) and both alleles of the IgH locus will finally become DJH-rearranged. A

functional VHDJH rearrangement will code for a µH chain assembling with the

SL chain. The pre-BCR induces proliferative expansion of pre-B cells, which is

missing in SL chain knockout mice. During the proliferative expansion,

expression of the genes encoding SL chain is downregulated and the SL chain

protein disappears from the cell. When pre-B cells leave the cell cycle and

become small pre-B cells, light chain genes are rearranged that encode for a

light chain protein forming a B cell receptor with the selected µH chain. Five

cell divisions at the pre-B cell stage are depicted, leading to 32-fold higher

output of B cells in wild type vs. SL knockout mice. See text for further details.

It was surprising when the new technology of single-cell
rearrangement PCR revealed that µH chain double-producing B
precursor cells are generated in λ5T mice but apparently not in
wild type mice (57). These µHC double-producing cells do not
appear as surface µH chain double-positive cells, however (57).
The most likely explanation for this conundrum was provided
by the finding that pre-B cells showing allelic inclusion display
allelic exclusion at the level of pre-BCR surface expression (58).
This study found that double-producers were present also in wild
type mice. In cells with both alleles functionally rearranged, i.e.,
allelic inclusion, only one of the µHCs is able to be expressed the
cell surface. Similar findings were published for a µHC that was
unable to pair with the SL but also with bona fide IgL chains (59).
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It was therefore proposed that one important function of the SL
chain is to test for pairing capabilities of newly formed µHCs for
later stages of development when the bona fide LC is rearranged
(60). In light of the apparently conflicting results regarding allelic
inclusion at the level of VDJ-rearrangement, this concept offers
an explanation that currently is generally agreed upon (61).

As a potential mechanism for an immediate signaling of
feedback inhibition, the complete downregulation of Rag-1 and
Rag-2 transcription in pre-BCR positive pre-B cells was described
(62). In addition, the Rag-2 protein was found to be destabilized
in the S phase of these rapidly dividing cells (62, 63). Additional
mechanisms at the chromatin level have to be operating to assure
allelic exclusion at later stages of development, when the Rag-
genes are re-expressed, at the small pre-B cell stage [reviewed in
(64, 65)]. It is interesting, however, that µH chains can reach the
cell surface and still have the capacity to signal in the absence of
SL chain, including down-regulation of the V(D)J-recombinase
machinery (21, 66, 67).

HUMORAL IMMUNODEFICIENCY IN
PATIENTS WITH MUTATED SL GENES

In humans, the SL chains and the pre-BCR are expressed at
corresponding stages (48, 68, 69). In 1998, the detailed molecular
analysis of 8 patients with sporadic agammaglobulinemia
for mutations in candidate genes revealed one patient with
mutations on both alleles of the gene for λ5 (70). In this patient,
B cell development shows a complete block of differentiation
as B cells were undetectable up to an age of 5 years. Whereas,
the maternal allele carried a stop codon in the first exon of λ5
the paternal allele demonstrated a three-base pair substitution
in exon 3. A similar, broader sequencing analysis of 33 patients
with primary immunodeficiency discovered two sisters being
homozygous for a deletion in the λ5 gene in exon 2 (71).
As no additional clinical details were provided, it remains
unclear whether also in these two sisters B lymphopoiesis is
completely blocked. It is still unknown, why the phenotype
of mutations in the SL chain in humans have a much more
complete phenotype regarding B cell development. Interestingly,
mutations in Bruton’s tyrosine kinase btk leads to an almost
complete block in B cell development in humans but only a mild
block in btk-deficient mice (72). This suggests different signaling
requirements for mouse and human pre-B cell development, as
illustrated by apparently different levels of redundancy of Tec
kinase members in humans and mice (73).

CELL AUTONOMOUS SIGNALING AND/OR
LIGAND-MEDIATED SIGNALING BY THE
PRE-BCR

Mouse pro-B cells that do not express a pre-BCR (µH−) require
stromal cells and high levels of IL-7 in order to proliferate.
This is in contrast to pre-B cells that do not require stromal
cells but do require a pre-BCR and low concentrations of IL-7
(51, 66, 74–76). The latter was interpreted as ligand-independent
cell autonomous signaling. Pre-BCR-mediated signaling in a

cell autonomous manner has been confirmed, and shown to
rely on a particular aa residue in the µH chain (N46) (77),
although whether this signal takes place between receptors
on the one and same cell, on neighboring cells or both is
unclear. Nevertheless, this does not exclude that the pre-BCR
can also interact with a ligand. Indeed, at least two ligands
have been described. Early work demonstrated the importance
of Galectin-1, produced by stromal cells, as a pre-BCR ligand in
humans, which requires the λ5-UR (78). In mice, stromal cell
associated heparan sulfate was shown to be important, which
would engage with the λ5-UR in the context of a pre-BCR
(79). A potential explanation for different ligands could be that
there are differences between mouse and human (79), that the
stromal cells that produce IL7 are not the same as those that
produce galectin-1, and are located in different BM niches (80).
As the pre-BCR mediates several signals this may also account
for different requirements. Nevertheless, whether the pre-BCR
mediates signals in a ligand-dependent or -independent manner,
cell surface levels depend on the respective UR. The λ5-UR is
required for rapid internalization and signaling; in its absence
mutant receptors with reduced signalling capacity accumulate
on the surface (81). By contrast, the absence of the VpreB1-UR
increases internalisation and hence was concluded to balance
the rate of internalization (47). Moreover, pre-BCR surface levels
are important as they seemingly regulate both proliferation and
survival (82).

THE pre-BCR SHAPES THE IgH
REPERTOIRE

In mice, there are 195 VH gene segments of which 110 are
functional and can be divided into 16 families (83). Among
the VH genes the VH1 (J558), VH2 (Q52), and VH5 (7183) are
the most studied, for several reasons. For instance, usage of the
DJH-proximal VH genes, VH2 and VH5, and especially VH5-
2 (81X), is especially high in the fetal and neonatal repertoire
(84, 85). Differentiating B cells of adult bone marrow mimic fetal
development and in adult BM VH usage changes at the pro-B to
pre-B cell transition (86, 87) whereas it is not markedly changed
at later stages. At the pre-B cell stage VH1 usage increases whilst
that of VH5 decreases. The discovery of the pre-BCR and that it
is expressed at a time during BM B cell development when the
VH repertoire changes indicated its potential involvement. This
was investigated early on in λ5T mice. The results confirmed
previous studies in wild type mice, which is quite remarkable
considering that the studies were performed by single cell PCR
analyzing 25–30 cells per population (88). The low numbers
were due to low detection levels of both alleles in each cell, and
the number of cellular fractions analyzed, hence a remarkable
accomplishment almost 25 years ago. At that time, pre-B cells
expressing intracellular µH chains and splenic follicular B cells
from λ5T mice were analyzed, which showed a more frequent
usage of the VH5 and VH2 (Q52) genes and less frequent usage of
VH1 genes among pre-B cells. Therefore, the preBCR contributes
to repertoire selection at the preB cell stage. However, VH usage
in the spleen of λ5T mice was similar to the corresponding cells
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from wild type control mice. The interpretation was that when
there was no SL chain, the change in the repertoire observed
in splenic B cells must be mediated by bona fide light chains,
although at a later stage in development.

In light of the close interactions of the VpreB chain with the
IgH chain complementarity region 3 (H-CDR3) in the crystal
structure of the preBCR (16) an influence of the preBCR on
the shaping of the antibody repertoire was postulated. Detailed
analysis indeed revealed that a particular amino acid composition
in the H-CDR3, in particular tyrosine at position 101 is positively
selected by interactions with VpreB (89). Interestingly, in the
mouse the combination of evolutionary selection of a preferred
reading frame usage in the D-elements as well as somatic
selection by the invariant SL chain together favour the presence of
tyrosine at key positions in the antigen-binding site of antibodies
(89). As this tyrosine residue is frequently found in contact with
the antigen in antibody/antigen complexes, preBCR selection
directly influences the antigen binding characteristics of the
mature antibody repertoire (90).

A ROLE FOR THE PRE-BCR IN B CELL
TOLERANCE?

Immature B cells expressing poly- and/or autoreactive BCRs
undergo negative selection in order to prevent their development
into naïve B cells. It has been suggested, however, that at the
pre-B stage poly-reactivity is a requirement for positive selection
and expansion in mice (91). The poly-/autoreactivity relates
to the λ5-UR with its high number of positively charged aa
residues. These are mainly arginine, an aa typically found in
anti-DNA and polyreactive antibodies, e.g., in the (H-CDR3)
(92). As mentioned above, pre-BCR signalling is reduced in the
absence of the λ5-UR. However, the λ5-UR can be replaced by
a polyreactive H-CDR3 (from human antibodies) resulting in a
signalling competent receptor (91). This lead to the conclusion
that the pre-BCR is “self-reactive,” and that the “autoreactivity”
is driven by the λ5-UR and is required for positive selection of
pre-B cells.

The pre-BCR appears to also counter-selects particular µH
chains, in fact those that express aH-CDR3with basic aa residues,
e.g., arginine (93, 94). In wild type control mice, this selection
takes place in pro-B cells, i.e., at the transition into the pre-B
cell stage and was based on the analyses of the VH5 family (94),
a selection that is not as evident when analyzing all VH genes
by NGS (95). Nevertheless, the absence of the entire SL chain
(SLC−/−) inmice results in pre-B cells expressingµHchains with
a much higher proportion of basic aa residues in the H-CDR3
(95).Whether this is a result of positive selection and proliferative
expansion, in line with the above-mentioned requirement for
poly-/autoreactivity is currently unclear (91), as at least some
of the expansion is likely due to signaling through the IL-7R
(66, 76). Anyhow, negative selection at the immature B cell stage
in SLC−/− mice is more prominent than in controls, inferred
from a higher proportion of cells prone to apoptosis (96), and
interpreted as a result of the expansion of “autoreactive” pre-B
cells (95). Central B-cell tolerance is despite of this incomplete.

In addition, also peripheral B-cell tolerance is incomplete, and
results in a higher proportion of splenic FO B cells expressing
µH chains with basic aa residues in their H-CDR3 (95). A
subset of the FO B cells are activated and initiates autoimmune
reactions. Whether this is due to SL chain being required for
termination of signaling earlier in development is currently
unclear (97). Nevertheless, the autoimmune reactions include
spontaneous formation of T-cell dependent germinal centers,
memory B cells and plasma cells that secrete autoantibodies,
typical of those found in lupus (SLE), e.g., anti-DNA and anti-
nuclear antibodies (ANAs) (94, 95). Whether this is unique to
mice lacking the entire SL chain is unclear, although splenic B
cells in λ5T mice are also enriched for those expressing IgH
chains with an arginine-rich H-CDR3 (98), and more recent
work has shown that also λ5T mice secrete autoantibodies (90).
In SLC−/− mice a subset of B cells resembles memory B cells
expressing low levels of CD21 (CD21−/low) (99). Memory B
cells with a CD21−/low phenotype expand under conditions of
chronic immune stimulation in humans, e.g., in patients with
autoimmune disease, SLE and RA, or pathogenic infections,
malaria, and HIV (100). CD21−/low B cells have also been
described in wild type control mice, termed age associated B
cells (ABCs) as they accumulate with age (101). However, at
least at a young age most of the ABCs in wild type control
mice are not memory B cells whereas those in SLC−/− mice are
(99). Moreover, the ABCs in SLC−/− mice are not polyreactive
but rather autoreactive producing typical lupus autoantibodies,
e.g., anti-Smith antigens. The ABCs are mainly IgM that show
signs of somatic hypermutation, and strong selection of the H-
CDR3, whereas the GC B cells are mainly IgG2c+ and likely
the source of the plasma cells that produce the serum anti-DNA
and ANAs (94, 95). Perhaps surprisingly, the small number of
ANA-reactive ABC hybridomas analyzed so far did not show any
signs of somatic hypermutations in the VH. However, whether
they express IgL chains with mutations is currently unclear.
In this context it was recently shown only that some of the
ANA-reactive hybridomas from aged mice also express germ
line encoded IgH chains, and that the autoreactivity was due
to mutations in the IgL chain (102). In fact, substitution of
one aa residue in the Igk CDR1 was sufficient to convert the
antibody to being ANA-reactive. The similarities between the
hybridomas from aged mice and the ABCs in SLC−/− mice
could be taken as an indication that aged mice are reminiscent of
young SLC−/− mice. However, whether this is the case requires
additional studies.

CONCLUSION

We conclude that pre-BCR mediated signaling has been
implicated in:

• Proliferation
• Survival
• Downregulation of the RAG recombinases
• IgH allelic exclusion
• Silencing of the genes encoding SL chain
• Selection of the IgH repertoire
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• Positive selection of pre-B cells
• Negative selection

It should be noted though that we still do not fully understand
all these events, and especially not which signals are mediated
at what stage. For instance, it has been proposed that the pre-
BCRmediates early and late signals (103). The early signals might
be those taking place in the pre-BCR+ pro-B (pre-B1) cells (c-
kit+CD25−) and the late signals in the pre-BCR+ pre-B (large
pre-BII) cells (c-kit−CD25+). In addition, the role of the SL chain
in human pre-B cell development is only partially understood.
New technologies as CRISPR/Cas9 gene editing and humanized
mice would now allow the analysis of this question.
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Developing B cells undergo defined maturation steps in the bone marrow and in the 
spleen. The timing and the factors that control these differentiation steps are not fully 
understood. By targeting the B cell-restricted mb-1 locus to generate an mb-1 allele 
that expresses a tamoxifen inducible Cre and another allele in which mb-1 expression 
can be controlled by Cre, we have established a mouse model with an inducible B cell 
compartment. With these mice, we studied in detail the kinetics of B cell development 
and the consequence of BCR activation at a defined B cell maturation stage. Contrary 
to expectations, transitional 1-B cells exposed to anti-IgM reagents in vivo did not die 
but instead developed into transitional 2 (T2)-B cells with upregulated Bcl-2 expres-
sion. We show, however, that these T2-B cells had an increased dependency on the 
B cell survival factor B cell activating factor when compared to non-stimulated B cells. 
Overall, our findings indicate that the inducible mb-1 mouse strain represents a useful 
model, which allows studying the signals that control the selection of B cells in greater 
detail.

Keywords: cre/loxP, MercreMer, imb-1 mouse, transitional B cells, ig-α, tamoxifen, B cell activating factor, B cell 
development

inTrODUcTiOn

B cell lymphopoiesis is a highly regulated process that begins with B cell progenitors (pro-B cells) 
and progresses through distinct stages (1–3). Pro-B cells, like B cells at later stages, are distinguished 
by the expression of Igα and Igβ, the respective products of the B cell-specific genes mb-1 and B29 
(2). These two proteins are crucial for B cell development. Indeed, the loss of Igα or Igβ expression 
in knockout mice (4–6), or in rare cases of human Igα or Igβ deficiency (7–9), results in a complete 
block of B cell development at the pro-B cell stage. This is because the developmental progression 
of pro-B cells requires the expression of the precursor B cell antigen receptor (pre-BCR) (10, 11) 
which comprises the μm heavy (H) chain, a surrogate light chain (composed of VpreB and lambda 
5 chains), and the Igα/Igβ (CD79a/CD79b) heterodimer (12). Upon the expression of a functional 
pre-BCR, the pre-B cells first proliferate, then rearrange their Ig light chain loci and differentiate 
into immature B cells carrying a B cell antigen receptor (BCR) of the IgM class on their surface 
(13, 14). The immature B cells leave the bone marrow (BM) to continue their differentiation in the 
spleen (15–19).

The IgM-expressing immature B cells in the spleen are divided into two major subgroups, namely the 
transitional 1 (T1) and transitional 2 (T2) B cells (20, 21). T1-B cells are negative for the surface markers 
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CD23 and CD21 whereas T2-B cells express both markers (21, 22). 
A third transitional population, T3-B  cells have been described. 
They arise from T2 B cells and have a similar phenotype, with the 
exception of IgM expression, which is strongly down modulated 
(20). However, T3-B cells are believed to represent an unresponsive 
(anergic) state rather than an intermediate maturation stage (23, 24). 
All transitional B cells also express the CD93 (AA4.1) marker origi-
nally detected by a monoclonal antibody (clone 493) generated by the 
Rolink group (22). The T2-B cells then develop into CD93 (AA4.1)− 
mature follicular (M) and marginal zone (MZ) B cells defined as 
IgMlowIgDhighCD23highCD21+ and IgMhigh IgDlowCD23lowCD21high 
cells, respectively (13, 20, 21, 25). Both cell fates are controlled by 
BCR-mediated signaling pathways (21, 26, 27).

The further development of T2-B cells requires the B cell acti-
vating factor (BAFF) (28–33), which is also known as Blys, and 
signaling through the classical and alternative NF-κB pathways 
(34–36). BAFF is a member of the TNF family and is implicated 
in peripheral B cell development. Mice lacking the BAFF-receptor 
(BAFF-R or BR3) have a block at the T1 stage (37, 38). On the 
other hand, mice overexpressing BAFF have a lenient peripheral 
B cell selection and develop autoimmune diseases (39, 40).

Cre is a site-directed DNA recombinase that specifically 
cuts DNA at loxP sites and can be employed for the activation 
or deletion of genes in the mouse (41–44). Previously, we and 
others have shown that chimeric Cre proteins with an appended 
mutated binding domain of the murine α-estrogen receptor 
(Mer) can be regulated by tamoxifen (45–48). In particular, 
MerCreMer, a fusion protein carrying a Mer domain at both the 
N- and C-terminus of Cre, demonstrates a very tight regulation 
of recombinase activity (49). This construct has been prominently 
used to study heart muscle development and hematopoietic stem 
cell fates (50–52). In the past, we have used a related inducible Cre 
system to study mature B cells lacking the expression of the spleen 
tyrosine kinase Syk or that of Igα and the BCR (53, 54). Here, we 
employ the MerCreMer/loxP system to generate mice in which 
the expression of the mb-1 gene, and thus of Igα, is induced by 
tamoxifen treatment. With this system, we can generate a short 
wave of developing B cells in the adult mouse and monitor the 
kinetics of their development. At day 5 post induction (p.i.) most 
B cells in these mice are transitional T1-B cells, which are thought 
to be highly sensitive to negative selection upon BCR engagement 
(55, 56). Surprisingly, the in vivo stimulation of the T1-B cells with 
anti-IgM antibodies does not lead to their deletion but rather 
their survival and accelerated differentiation to the T2-B cell stage 
by upregulation of Bcl-2. The survival of stimulated T2-B  cells 
requires, however, the presence of BAFF or the BAFF-R.

resUlTs

generation of Mice With an  
inducible B cell Development
To study the kinetics of B cell development in vivo, we generated 
mice that are born without mature B cells but that can be induced 
to transiently produce B cells at any time in their life. In these mice 
the expression of the mb-1 gene, which is essential for B cell deve-
lopment, can be regulated by our MerCreMer/loxP technique. The 

mb-1 gene has five exons (Figure 1A). Using BALB/c embryonic 
stem (ES) cells, this gene was altered by homologous recombina-
tion with two different targeting vectors to create two distinct 
mutant alleles. The first vector was used to replace mb-1 exons 1, 2, 
and 3 with a cDNA sequence encoding MerCreMer (Figure 1B). 
The MerCreMer cDNA cassette is therefore transcribed under 
the control of the endogenous mb-1 promoter, further enhanced 
through the insertion of the μ intronic enhancer inserted 5′of the 
mb-1 promoter. In the second targeting experiment, which we 
have previously described (47), we inserted a “flip/flop” mb-1/
EGFP cassette flanked by two loxP sites (“floxed”) pointing in 
opposite directions (Figure  1C). This cassette, which replaced 
mb-1 exons 2 and 3, contained a cDNA coding for a membrane-
bound form of the enhanced green fluorescent protein (mEGFP) 
and, in the opposite transcriptional orientation, a cDNA of the 
mb-1 coding sequence from exon 2 through exon 5 (Figure 1C). 
The mEGFP/mb-1inv allele produces mEGFP in place of Igα, 
which, in the absence of another mb-1 functional allele, leads 
to the arrest of B cell development at the pro-B cell stage. Cre-
mediated recombination can invert the floxed DNA sequence, 
thus placing the mb-1 exons 2–5 cDNA in the right orientation 
to allow the proper splicing from exon 1 (Figure 1D). This newly 
generated mb-1/mEGFPinv allele expresses Ig-α (but not EGFP) 
allowing for B  cell generation. Thus, the mb-1 “flip/flop” allele 
can mediate the alternative expression of either Ig-α or mEGFP. 
Germ line transmission of the two targeted mb-1 alleles (mb-
1MerCreMer and mEGFP/mb-1inv) were confirmed by Southern 
blot analysis of tail genomic DNA (Figure 1E). We then generated 
BALB/c mice that carry both differently targeted mb-1 alleles and 
thus are defective in Ig-α expression. Here, we refer to these mice 
with a tamoxifen inducible (i) switch from EGFP to Ig-α expres-
sion as imb-1 mice. In the BM, these mice have B220+ pro-B cells 
but no IgM+ B cells (Figure 2A, d0). B cells are also absent from 
the blood (Figure 2B, d0). The fact that the imb-1 mice display a 
complete block of B cell development at the pro-B cell stage is also 
demonstrated by the absence of immunoglobulin isotypes in their 
sera (data not shown). These data show overall that MerCreMer 
activity is tightly regulated in the mouse.

Kinetics of B cell Development  
in the BM and spleen of imb-1 Mice
To efficiently activate MerCreMer in pro-B cells, we treated the 
imb-1 mice orally with a single dose of 6 mg of tamoxifen citrate 
dissolved in lipids. Already 4  h after this treatment, the mice 
contained enough tamoxifen in the blood to activate MerCreMer 
in a cultured B cell line carrying an EGFP reporter cassette, and 
sufficient levels of tamoxifen were maintained until day 4 after 
administration (Figure S1 in Supplementary Material). In the 
BM and the blood of tamoxifen-treated imb-1 mice, IgM+ B cells 
were first detected between days 5 and 6 p.i. and reached their 
highest levels at day 10 p.i. (Figures 2A–D). The late onset of IgM+ 
B cell appearance in the treated imb-1 mice may be due to the fact 
that the mEGFP/mb-1inv allele only becomes stabilized once the 
tamoxifen concentration and MerCreMer activity has declined 
(days 5–6; Figure S1A in Supplementary Material), in addition 
to the need for productive rearrangements at both the Ig heavy 
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FigUre 1 | Generation of mice carrying a modification at the mb-1 locus. Schematic representations of (a) the mb-1 wild-type allele and the knockin alleles,  
(B) mb-1 MerCreMer, (c) membrane-bound form of the enhanced green fluorescent protein (mEGFP)/mb-1inv, and (D) mb-1/mEGFPinv (not drawn to scale). The mb-
1MerCreMer strain was crossed to either mEGFP/mb-1inv or mb-1/mEGFPinv to generate the imb-1 and the cmb-1 strains, respectively. The black circles with an 
arrow represent the mb-1 promoter. The gray boxes indicate the mb-1 exons, and the small black box after exon 5 represents the 3′ untranslated region and the 
mb-1 polyA sequence. In (B), the black square 5′ of the mb-1 promoter represents the immunoglobulin heavy chain intron enhancer (Emu), the black and white 
boxes represent (Mer) and the humanized Cre (hCre), respectively. The black triangle indicates the Frt site left after deletion of the Neor cassette by the transient 
transfection with the enhanced flp recombinase (flpe). Constructs (c,D) were previously described in Ref. (47). (e) Southern blot analysis of mEGFP/mb-1inv and 
mb-1 MerCreMer heterozygous mice relative to wild-type control. Genomic DNA was prepared from tails of the designated mice, digested with EcoRI and hybridized 
with a radioactive labeled 5′ external probe to identify the homologously recombined alleles. The analysis by Southern blot gives 4.1 and 9.6 kb fragments for the 
DNA targeted with MerCreMer and the “flip/flop” cassette (mEGFP/mb-1inv or mb-1/mEGFPinv), respectively (Figure 1e, lanes 2 and 3 and data not shown). 
Wild-type DNA generates a 6.4 kb fragment with the same enzyme (Figure 1e, lane 1). Lane 4 represents an mb-1 MerCreMer homozygous mouse.
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and light chain loci. After day 15, only very few IgM+ B cells were 
observed in the BM and blood of treated mice (Figures 2A–D, 
d15). Apparently at this time point, all newly generated B cells have 
left the BM and, in the absence of (tamoxifen and) MerCreMer 
activity, new B cells cannot be generated. Thus, only a short wave 
of B cell development is induced in tamoxifen-treated imb-1 mice. 
As a positive control for these experiments, we analyzed the BM 
and blood of untreated mice carrying in the germ line the mb-1/
mEGFPinv and mb-1MerCreMer alleles (cmb-1 mice) and that 
have, therefore, a continuous mb-1 expression and unperturbed 
B cell development (Figures 2A–D).

To assess factors influencing the efficiency of B cell produc-
tion, the imb-1 and the cmb-1 control mice were bred with 
B1-8H mice (57), which carry the productively rearranged 
VHDHJH exon coding for the B1-8 VH domain as a knockin at 
the Igh locus. All pro-B cells of imb-1/B1-8H and cmb-1/B1-8H 
mice express a μ-chain in the cytoplasm (data not shown). 
In spite of the early H chain expression in all pro-B  cells, no 
B cell development took place beyond this stage in untreated 
imb-1/B1-8H mice, again demonstrating the tight regulation 
of the MerCreMer enzyme in  vivo (Figures  2E,F, d0). Upon 
treatment with tamoxifen, the imb-1/B1-8H mice produced 
threefold to fivefold more B cells in the BM and the blood than 

imb-1 mice, although with similar kinetics of B  cell develop-
ment (Figures 2C–H). These data suggest that the major factor 
responsible for delayed B cell development in imb-1 mice is the 
rate of tamoxifen catabolism and the consequent stabilization of 
the inducible mb-1 allele.

In the spleens of tamoxifen-treated imb-1 mice, the 
first immigrant B  cells were detected at days 5–6 p.i. 
(Figures 3A,B,E). These B cells expressed IgM and were mostly 
negative for CD21 and CD23, thus displaying the phenotype of 
T1-B cells (Figures 3A,B,E, d5–d6). Some B cells were detected 
within the CD23+ gate at days 5–6, which had not yet acquired 
CD21 expression (Figure 3A). By day 10, roughly 56% of the 
B cells within the CD23+ gate were IgMdim/+, but still negative 
for CD21 whereas the other 44% were IgMdim/+ CD21+, thus 
displaying the phenotype of T2-B  cells (Figures  3A,B, d10). 
Therefore, during their maturation in the spleen, B cells seem 
to first acquire CD23 and only later the CD21 surface marker. 
Small amounts of mature follicular B cells (CD23+CD21+and 
IgMlow) appeared at day 10 and were the majority of splenic 
B cells by day 20 p.i. (Figure 3A, d10 and d20). Mature B cells 
persisted in the spleen of induced imb-1 mice for 40  days 
(Figure 3, d40), although their numbers declined with time (data 
not shown).
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FigUre 2 | B-cell migration from the bone marrow (BM) into the secondary lymphoid organs of imb-1 mice takes place in a wave. (a,B) B220 versus IgM staining 
of total lymphocytes derived from BM (a) or blood (B) of imb-1 mice analyzed at different time points after a single treatment with tamoxifen [days 5–6, 10, 15, and 
25 post induction (p.i.)]. Uninduced mice (d0) as well as cmb-1 mice served as controls. Representative data from three independent experiments with two mice at 
each time point are shown. (c,D) Statistical analysis of the relative cell count (percentage) of B220+IgM+ B cells (BM) or total B220+ B cells (blood) in the total 
lymphocyte gate of tamoxifen-treated imb-1 mice at days 4, 5–6, 10, 15, and 25. Mean ± SD of n = 5 is indicated for each time point; each dot represents an 
individual mouse. P values are indicated and were obtained using the one-sample t-test. (e,F) IgM versus B220 (upper panel; BM), or IgM versus CD19 (lower 
panel; blood) staining of total lymphocytes derived from the BM (e) and blood (F), respectively, of imb-1/B1-8H (designated imb-1/B1-8) mice at indicated time 
points p.i. Uninduced mice (d0) as well as cmb-1/B1-8H mice served as controls. The percentages for B220+ IgM+ (BM) and total CD19+ (blood) cells inside each 
box are indicated. Representative data from two independent experiments with two to three mice at each time point are shown. (g,h) Statistical analysis of the 
percentage of B220+IgM+ B cells (BM) or CD19+ B cells (blood) within the lymphocyte gate in tamoxifen-treated imb-1/B1-8H mice at days 4, 7, 9, 15, and 25. 
Mean ± SD of n = 5 is indicated for each time point; each dot represents an individual mouse. P values are indicated and were obtained using the one-sample 
t-test.
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Marginal zone B cells (IgMhighCD21+ but CD23−) were first 
detected at day 20 p.i. and became more prominent by day 40 
p.i. (Figures 3B,E; d20 and d40). This late development of MZ 
B cells is in accordance with their time of appearance in neonates 
and immune deficient mice after adoptive transfer (21, 58).  
The kinetics of B cell development in the spleen of imb-1/B1-8H 
mice was similar to that seen in imb-1 mice, although higher 
numbers of B  cells were generated (Figures  3C,D,F,G). The 
improved cellular yields in imb-1/B1-8H mice show even more 
clearly that B  cells acquire the CD23 marker prior to CD21 
expression (Figure 3C, d7–d25; Figure S1B in Supplementary 
Material; d7).

no Deletion of T1-B cells Upon  
In Vivo Treatment With anti-igM
Immature T1-B  cells in the spleen are characterized as CD93 
(AA4.1+), CD23−, CD21−, IgMhigh, and IgD−/low (20, 21). Based 
on in  vitro studies, the T1-B  cells have been considered to be 
sensitive to negative selection and to undergo apoptosis upon 
engagement of their BCR (59). The imb-1/B1-8H mice provide 
an ideal system to test this hypothesis in vivo. Whereas in the spleens 
of wild-type mice T1-B  cells are a minority, these cells are the 
majority of B cells in the spleen of imb-1/B1-8H mice at days 5–6 
after their treatment with tamoxifen (Figure S2 in Supplemen-
tary Material). Furthermore, at days 5–6 p.i., imb-1/B1-8H  
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FigUre 3 | Transitional B cells express CD23 before CD21. (a) FACS analysis of CD21 and IgM expression on the CD23+ (a,c) and CD23− (B,D) lymphocyte 
populations derived from the spleen of mice before (d0) or at indicated time points after a single treatment with tamoxifen. Cmb-1 and cmb-1/B1-8 mice with a 
constitutive B-cell development were analyzed in parallel. The percentages of the transitional 1 (T1) and marginal zone (MZ) populations within the CD23− lymphoid 
gate at the designated time points post induction are indicated above the corresponding circle. Within the CD23+ lymphoid gate, the percentages of the transitional 
2 (T2) and M populations are indicated within the upper quadrants. Representative data from two independent experiments with total five mice at each time point 
are shown. (e,F) Quantitative analysis of relative T1 and MZ-B cell numbers (percentage of cells within the CD23− lymphoid gate) in imb-1 or imb-1/B1-8H mice at 
designated time points; mean ± SD of n = 5 is indicated for each time point; each dot represents an individual mouse; P values were determined using a two-tailed 
Student’s t-test and are indicated in the graphs. (g) Absolute B cell numbers in the spleens of imb-1 mice and imb-1/B1-8H mice at days 6 and 7, respectively; 
mean ± SD of n = 5 is indicated for each time point; each dot represents an individual mouse; P values were determined using a two-tailed Student’s t-test and are 
indicated in the graphs.
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mice have not produced any soluble antibodies (data not shown) 
and, thus, injected anti-IgM reagents can bind to the BCR on 
the surface of T1-B  cells without being quenched by soluble 
IgM in the serum.

To test for the behavior of T1-B  cells upon engagement of 
their BCR in vivo, we treated imb-1/B1-8H mice at late day 5 p.i. 
(when the newly generated B cells first appeared in the blood of 
most mice) with 100 µg of anti-IgM F(ab′)2 and analyzed their 
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FigUre 4 | In vivo activation and maturation of anti-IgM treated transitional 1 
(T1)-B cells. (a) Imb-1/B1-8 mice were treated with F(ab′)2 fragments of 
anti-mouse IgM at day 5 post induction (p.i.) and lymphocytes derived from 
the spleen were analyzed 2 days after treatment. (B–g) Splenic lymphocytes 
of untreated (left panel) and anti-IgM treated (right panel) imb-1/B1-8 mice at 
d7 p.i. were isolated and stained with antibodies against CD19 in 
combination with those against MHC class II, IgD, IgM, CD93 (AA4.1), CD23, 
or CD62L. Representative data from six independent experiments with two 
mice are shown.
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spleens at day 7 p.i. by flow cytometry (Figure 4A). Compared 
to B cells in untreated mice, the T1-B cells in anti-IgM treated 
imb-1/B1-8H mice appeared activated and/or differentiated as 
indicated by higher MHC class II and IgD-BCR expression, but 

reduced IgM-BCR levels on their cell surface (Figures  4A–D). 
Since the anti-IgM treatment leads to IgM-BCR internalization 
(data not shown) and the increase of IgD may not be a good 
indicator of further maturation, we assessed B  cells of imb-1/
B1-8H mice for additional surface markers that identify the 
stage of B  cell maturation. While the T1-B  cells of tamoxifen-
treated mice still expressed CD93 (AA4.1: Figure  4E), which 
identifies a transitional stage, they also displayed the CD23 
and CD62L markers, suggesting that upon stimulation they 
undergo an enhanced differentiation toward the T2-B cell stage 
(Figures 4F,G) (21, 59). For these experiments, we chose mice, 
which at day 5 p.i. had similar amounts of B cells in their blood. 
As the B cell numbers in the spleens of treated imb-1 mice could 
vary from mouse to mouse, we repeated the experiment several 
times using imb-1/B1-8H and imb-1 mice. In all experiments, 
anti-IgM treatment led to an increased differentiation toward the 
(IgDhighIgMlow) T2-B cell stage, but not to a reduction of absolute 
B  cell numbers in the spleen (Figure S3A in Supplementary 
Material). This was also confirmed by a transfer experiment 
where we isolated EGFP+CD23− T1-B cells from induced RERT/
EGFP mice (described in Figures S4D,E in Supplementary 
Material) at day 5 p.i. and injected the same number of these 
B cells into Rag2−/−γc

−/− mice. Three hours after transfer, the host 
mice were either left untreated or treated with 100 µg of anti-IgM 
F(ab′)2 and the B cells of these mice were analyzed 36 h later by 
flow cytometry (Figure S3B in Supplementary Material). Again, 
in vivo stimulated T1-B cells showed an increased differentiation 
to T2-B cells (IgDhighIgMlow and CD23+), but the B cell numbers 
were similar in the untreated and anti-IgM treated mice (Figure 
S3 in Supplementary Material and data not shown).

Overall, these data indicate that transitional B cells undergo 
activation and differentiation and not death upon their BCR 
engagement in vivo.

stimulated T2-B cells require  
a BaFF signal for survival
To elucidate the molecular mechanism behind the surprising 
survival of in vivo stimulated T1- and T2-B cells, we analyzed the 
expression of anti-apoptotic molecules in these cells. In particu-
lar, the pro-survival factor Bcl-2 plays an important role in the 
survival of B cells at different developmental stages. To test for 
Bcl-2 expression in T1- and T2-B cells, we used specific anti-Bcl-2 
antibodies and an intracellular staining protocol. Interestingly, 
T2-B cells isolated at day 7 p.i. from an anti-IgM-treated imb-1/
B1-8H mouse showed elevated Bcl-2 levels in comparison to 
B cells isolated from untreated mice (Figure 5A, right panel, and 
Figure  5B). To exclude that the observed differences in Bcl-2  
levels were due to an increased cell size after anti-IgM treatment, 
we assessed the forward scatter (FSC), which is directly propor-
tional to cell size, of the T2 B cells derived from either untreated 
or anti-IgM-treated mice. We found no increase in cell size in T2 
B cells from anti-IgM-treated mice. In fact, the FSC of these cells 
was somewhat reduced compared to the untreated control cells 
(Figure S4A in Supplementary Material). Notably, no difference 
in Bcl-2 expression level was found in T1-B cells isolated from 
either untreated or anti-IgM-treated mice (Figure 5A, left panel, 
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FigUre 5 | Continued
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FigUre 5 | Bcl-2 expression and survival of transitional B cells from anti-IgM treated imb-1. (a) Histograms of intracellular expression level of Bcl-2 in splenic B cells 
derived from CD21−CD23−IgMhighIgDlow transitional 1 (T1) (left panel) and CD21+CD23+IgMhighIgDhigh transitional 2 (T2) (right panel) B cells. B cells from untreated mice, 
black line; from anti-IgM treated mice, red line. The cells were analyzed at day 7 post induction (p.i.) (2 days after anti-IgM injection). Representative data from five 
independent experiments with two mice are shown. (B) Statistical analysis of median fluorescence intensity (MFI) values of Bcl-2 in the designated B cell population 
with or without anti-IgM treatment. Mean ± SD of n = 5 is indicated for each time point; The P value was obtained using a two-tailed Student’s t-test. (c) Treatment 
of imb-1/B1-8H derived splenocytes with TACI-Ig and anti-IgM. Left panel: CD19 versus EGFP dot plots of lymphocytes from the blood of imb-1/B1-8 mice at day 5 
p.i. Right panel: CD19 versus EGFP dot plot of lymphocytes from spleens at day 7 p.i. treated with anti-IgM (upper row), TACI-Ig (middle row), or a combination of 
anti-IgM and TACI-Ig (bottom row). The numbers in gates indicate percentages of B cells. Representative data from three independent experiments with two mice 
for each treatment are shown. (D) Quantitative analyses of imb-1/B1-8H-derived splenic CD19+ B cells (within lymphoid gate) at day 7 p.i. Treatment is designated 
in the graph; mean ± SD of n = 5 is indicated for each time point; each dot represents an individual mouse; P values were obtained using a two-tailed Student’s 
t-test and are indicated in the graphs. (e) Anti-IgM treatment of transitional B cells in the absence of BAFF-R. imb-1/B1-8/BAFF-R−/− mice at day 5 p.i. were either 
left untreated (left panel) or treated with anti-IgM (right panel). Upper row: CD19 versus CD93 (AA4.1) dot plot on blood derived B cells at day 5 p.i. before anti-IgM 
injection. The middle and lower rows depict dot plot analyses representing CD19 versus CD23 expression on B cells derived from either blood (middle row) or 
spleen (bottom row) at day 7 p.i., which were left untreated (left panel) or received anti-IgM at day 5 p.i. (right panel). Representative data from three independent 
experiments with two mice are shown. (F) Quantitative analyses of imb-1/B1-8H/BAFF-R−/−-derived splenic B cells (%CD19+ in lymphoid gate) at day 7 p.i. 
Treatment is designated in the graph; mean ± SD of n = 5 is indicated for each time point; each dot represents an individual mouse; P value was obtained using a 
two-tailed Student’s t-test and is indicated in the graphs.
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and Figure 5B). A previous study has proposed that T1-B cells 
are lost whereas T2-B cells persist upon BCR engagement due to 
expression of the pro-survival factor Bcl-xL (60). We have assessed 
the expression of Bcl-xL in T1- and T2-B cells (separated based 
on CD23 expression) and found no induction of Bcl-xL upon 
anti-IgM treatment (Figure S4B in Supplementary Material). 
These data suggest that the engagement of the BCR on T1-B cells 
not only promotes differentiation to the T2-B cell stage but also 
initiates a survival program by upregulation of Bcl-2.

The transcription of the Bcl-2 gene is under the control of 
the NF-κB pathway (61), and it has been shown that signals from the 
BCR and the BAFF-R cooperate in NF-κB activation (62). The 
spleen of imb-1 and imb-1/B1-8H mice contains no B cells before 
tamoxifen treatment and only a few mature B cells are detected 
in the spleens at days 5–7 after induction (Figure 3G). Therefore, 
one can assume that there is little competition among these B cells 
for the abundant BAFF in the spleen of these mice. This notion is 
supported by previous publications reporting that soluble BAFF 
levels rise in the absence of B cells and excessive BAFF concentra-
tions lead to increased survival of antigen-engaged B cells (63–67). 
To study the role of BAFF in the survival and differentiation of 
B cells in the imb-1 mouse, we interfered with BAFF signaling by 
either removing BAFF with the soluble decoy receptor TACI-Ig 
or by employing BAFF-R-deficient mice (38). We injected imb-1/
B1-8H mice with anti-IgM, TACI-Ig (at days 0, 3, and 5 p.i.), or 
both reagents and monitored the number of CD19+ B cells in the 
blood at day 5 after the final TACI-Ig and before anti-IgM injec-
tion, and at day 7 after treatment in the spleen (Figures 5C,D). 
Whereas each reagent alone had no effect on B cell numbers, the 
combination of both reagents resulted in a drastic reduction of 
B cells (from 10.8 ± 2.8% in the untreated control to 1.2 ± 0.4% 
after TACI-Ig + anti-IgM treatment at day 7, Figures 5C,D) in the 
spleen. These data indicate that the BCR-stimulated T1-B cells 
require BAFF signaling for their survival whereas naive T1-B cells 
can survive in the spleen for some time without BAFF.

A similar conclusion was drawn from the study of imb-1 mice 
lacking the BAFF-R. After the induction of B cell development, 
the imb-1/B1-8H/BAFF-R−/− mice were either left untreated 
or received anti-IgM F(ab′)2 at day 5 p.i. (Figures 5E,F). In the 
absence of BCR stimulation, the BAFF-R-deficient T1-B  cells 

developed normally and were first detected in the blood at day 
5 p.i. However, the treatment with anti-IgM resulted in a drastic 
reduction of B cell numbers at day 7 p.i. in the blood (from 30 to 
4%) and in the spleen (from 27 ± 2.7 to 2.8 ± 1.3%) in these mice 
(Figures 5E,F). Furthermore, B-cell development in the imb-1/
BAFF-R−/− mice is partially blocked at the T1-B cell to T2 transi-
tion, which is evident by the lack of CD23 marker characteristic 
for T2-B cells (Figure 5E, lower panel, relative to Figure 4F).

The imb-1 mice have only one functional but targeted mb-1 
allele (mb-1/mEGFPinv) and therefore their T1-B  cells express 
Ig-α and the IgM-BCR at twofold to threefold lower amounts than 
T1-B  cells from wild-type mice [Figure S4C in Supplementary 
Material and Ref. (68)]. To exclude that the lack of negative selec-
tion of T1-B cells in anti-IgM treated imb-1 mice is due to the lower 
IgM-BCR expression and thus signaling (68, 69) we developed 
another mouse model (RERT/EGFP) with an inducible B  cell 
compartment. RERT mice express tamoxifen-regulated Cre-ERT2 
under the control of the RNA polymerase II promoter (70, 71). 
RERT mice were crossed to mEGFP/mb-1inv mice to generate 
RERT/EGFP animals that carry two floxed mEGFP/mb-1inv alleles 
(Figure S4D in Supplementary Material). A Cre-ERT2-mediated 
inversion of both mb-1 alleles results in the loss of EGFP, allowing 
the expression of two copies of mb-1. This leads to higher IgM-
BCR surface level in RERT/EGFP T1-B cells compared to imb-
1-derived T1-B cells (Figures S4E,F in Supplementary Material). 
The kinetics of B cell development and the upregulation of Bcl-2 
in anti-IgM treated T2-B cells were similar in RERT/EGFP and 
imb-1 mice (Figure S4G in Supplementary Material and data not 
shown). Therefore, the survival of transitional B cells in anti-IgM 
treated imb-1 mice is not the result of low IgM-BCR expression 
but rather a part of their normal developmental program in the 
presence of excess BAFF.

Previous studies have shown that immature B cells stimulated 
with anti-IgM in vitro die rapidly by apoptosis (55), whereas we 
found survival of these cells in  vivo. To clarify this issue, we 
isolated T1-B cells from imb-1 mice at day 5 p.i. and cultured 
them in vitro for 24 and 48 h without or with 10 µg/ml of anti-
IgM F(ab′)2. During the 24 h in vitro culture, approximately 6% 
of T1-B cells developed into CD23+ B cells (Figures 6A,B). The 
anti-IgM treatment greatly reduced the numbers of these cells 
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FigUre 6 | Anti-IgM treatment of transitional 1 (T1) B cells in vitro. (a) To obtain T1-B cells, imb-1-derived splenocytes were sorted at day 6 post induction using 
CD43 and Thy1.2 antibodies to exclude non-B cells. Identical cell numbers were cultured in vitro in the absence or presence of anti-IgM (10 µg/ml) and/or human 
recombinant B cell activating factor (BAFF) (75 ng/ml) and anti-CD40 antibodies (10 µg/ml) for 24 h. Expression of CD19 and CD23 is shown. The cells were  
stained with 7AAD to exclude dead cells and only viable 7AAD cells were included in the analysis. The numbers in quadrants indicate relative cell numbers  
acquired after analysis of 105 total events per sample. Representative data from three independent experiments with two duplicates for each treatment are shown. 
(B) Quantification of relative cell numbers form the experiment depicted in (a). Stimuli are indicated in the graph. P values were obtained using a two-tailed Student’s 
t-test and are indicated; Mean ± SD values are indicated for n = 5. Each dot represents an individual replicate.
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(Figures 6A,B). We cultured the isolated T1-B cells either with 
BAFF (75 ng/ml) or anti-CD40 (10 µg/ml) antibody, two stimuli 
that activate the NF-κB pathway in B cells (72). In the presence 
of these reagents, 23 and 63% of the living B cells, respectively, 
displayed CD23 expression (Figures  6A,B). The increase of 
CD23+ cells in the BAFF containing culture may be a result of 
CD23 gene activation via BAFF, which has been described before 
(73). Anti-CD40 treatment resulted in a very high expression of 
CD23 indicating that the cells indeed differentiated, possibly in 
T2 B cells (Figures 6A,B). It is feasible that longer stimulation 
with anti-CD40 might lead to differentiation of these cells into 
blasts as they become more mature (74). The addition of either 
BAFF or anti-CD40 only partially prevented the cultured T1-B 
and T2-B  cells from anti-IgM-mediated apoptosis after 24  h 
(Figures 6A,B). However, only 1, 3, and 6% of viable cells were 
detected after 48 h of culture stimulated with anti-IgM alone or 
in combination with BAFF or anti-CD40, respectively (Figure 
S5 in Supplementary Material). These results suggest that upon 
BCR engagement, T1-B  cells require additional factors apart 
from BAFF and CD40 for their survival and differentiation 
in vivo.

DiscUssiOn

In this study, we show that the tamoxifen-induced MerCreMer 
recombinase is tightly regulated in vivo and can be used to activate 
genes in the mouse. We took advantage of this feature to generate 
the imb-1 mouse with an inducible B  cell compartment. Only 
upon tamoxifen-treatment do imb-1 mice produce mature B cells 

and this allowed us to monitor the kinetics of B cell development 
and to test for factors that influence this process.

The Cre/LoxP technique is most often used for the conditional 
deletion of floxed genes. For these loss-of-function approaches, 
the efficiency of Cre activity is particularly important, as a low fre-
quency of gene deletion may not result in a detectable phenotype. 
On the other hand, for the activation of a gene with a selective 
advantage (gain-of-function), the tightness of Cre regulation 
is more important than its efficiency, and here the MerCreMer 
recombinase can be employed successfully for developmental 
studies in the mouse. Indeed, the activity of MerCreMer is 
extremely well regulated as none of the many pro-B  cells that 
are generated daily in the imb-1 mouse mature in the absence 
of tamoxifen. This is in line with an earlier study using our mb-
1MerCreMer mouse model to induce a conditional RAG1 allele 
and subsequently a wave of B  cell development including B-1 
B cells (48). Thus, we argue that the double fusion Cre enzyme 
MerCreMer, is one of the most tightly regulated Cre enzymes 
available.

The oral administration of a single dose of 6 mg of tamoxifen 
to either imb-1 or imb-1/B1-8H mice induces a homogeneous 
and transient wave of developing B cells that allowed us to study 
the kinetics of B cell development. The first IgM+ B cells appeared 
between days 5 and 6 p.i. in the BM. This took longer than the 
2 days reported for B cell maturation in the BM of BALB/c mice 
measured by BrdU labeling (75). The reason for this delay may 
be due to the fact that in tamoxifen-treated mice, it takes 4 days 
before the tamoxifen concentration in the blood falls below the 
threshold of MerCreMer activation (Figure S1A in Supplementary 
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Material). Because the mb-1/EGFP cassette can be repeatedly 
recombined, pro-B cells with stable Ig-α expression are probably 
produced only after day 4 in these mice. As soon as immature 
B cells appeared in the BM and the blood of imb-1 mice, they 
were also found in the spleen, suggesting that the completion of 
V(D)J recombination and the export of B cells from the BM to the 
spleen is a rapid process. It is also possible, and we have no way to 
exclude, that a fraction of B cell development takes place directly in 
the spleen. Consistent with previous findings, the first immigrant 
B cells in the spleen are IgMhigh T1-B cells that are negative for both 
the CD23 and the CD21 markers (21). However, we also detect an 
intermediate CD23+CD21− B cell population that appears prior 
to the generation of the CD23+CD21+ T2-B and follicular B cells 
(Figures  3A,C, d5–d6; Figure S1B in Supplementary Material, 
d5–d6) (20). Thus, our data suggest that splenic B cell maturation 
proceeds first via the upregulation of CD23 and than with that of 
CD21. Interestingly, a study by the Allman group has previously 
identified a population of newly formed immature B cells in the 
BM, which was CD93+CD23+CD21− and thus resembled later 
transitional stages in the spleen. However, the developmental 
kinetics and the renewal rate of this population resembled those 
of immature B cells in the BM. The authors of this study have 
thus concluded that newly immigrant populations from the BM 
are heterogeneous and comprise mature and semi-mature B cells 
(76). Since the imb-1 and imb-1/B1-8 mice are devoid of periph-
eral B cells prior to the tamoxifen-induced B cell development, it 
is possible that such semi-mature B cells are more prominently 
represented in the spleens of these mice compared to mice with 
an intact B cell development.

In imb-1 mice, the development of T1-B into T2-B  cells is 
a rapid process that occurs in 3–4 days, whereas the develop-
ment of T2-B cells into follicular or MZ B cells takes roughly 
10–20 days. It is not clear why the final maturation of B cells in 
the spleen takes so long, but it is likely that T2 B-cells require 
additional signals for their maturation. This notion is supported 
by the fact that mutant mice lacking elements of the BCR signal-
ing pathways are often arrested at the T2-B cell stage (77). BrdU-
labeling experiments indicate that most of the newly emigrant 
B cells have a short life span (3–5 days) and that only a few of 
the transitional B cells enter the long-lived B cell pool (17, 78). 
This suggests that many immature and transitional B cells are 
primed for negative selection upon engagement of their BCR by 
self-antigens. Indeed, in mouse models of tolerance the transi-
tional B cells show a rapid antigen-induced apoptosis (79–82). 
Furthermore, in vitro studies with different immature B cell lines 
or with purified transitional splenic B cells indicate that the main 
response upon exposure to anti-BCR antibodies is apoptosis 
(59, 83). It thus came as a surprise that T1-B cells exposed to 
anti-IgM reagents in imb-1 mice do not die but develop into 
T2-B cells upregulating the pro-survival factor Bcl-2 (Figures 4 
and 5A). Moreover, in vivo treatment with anti-IgM resulted in 
a phenotype of IgM, IgD, and CD23 expression similar to that 
of mature B cells in wild-type mice (Figure S3 in Supplementary 
Material). This finding is reminiscent of that shown by the 
expression of Nur-77 in splenic B  cells (84) and suggests that 
maturation of T1-B cells into T2 and follicular B cells require 
some level of BCR engagement.

However, one should keep in mind that anti-BCR antibodies 
are not stimulating the BCR in the same way as cognate antigen 
(85). Moreover, goat anti-IgM was used for these studies. Thus, 
we cannot exclude the possibility that after anti-IgM injection 
into mice, the T1 B cells presented goat Ig-derived peptides to 
T cells, which then promoted B cell survival and maturation via 
T cell help (86, 87). However, we find this unlikely given that 
we injected F(ab′)2 Ab fragments without adjuvant, and that the 
changes in B cell maturation were already visible two days after 
injection, not only in imb-1 but also in Rag2−/−γc

−/− mice, injected 
with imb-1-derived B cells (Figure 4; Figure S3 in Supplementary 
Material). Furthermore, due to low expression of the BCR on the 
surface of imb-1 B cells, the BCR nanoislands might not be formed 
correctly, resulting in altered response to BCR engagement (88, 89). 
Furthermore, the survival of the BCR-stimulated T2-B cells in 
the imb-1 mice was strictly dependent on the BAFF signaling 
system whereas non-stimulated naïve T1-B and T2-B cells could 
survive in these mice for some time without BAFF. We are aware 
of the fact that imb-1 mice are lymphopenic where the few 
generated B cells do not compete for limiting growth factors as 
is probably the case for newly generated B cells in wild-type mice 
(39, 65, 90, 91). A survival of auto-reactive T cell clones in the 
thymus has also been observed in a lymphopenic mouse model 
(52). However, we think that the imb-1 model may help to better 
characterize the survival niches of B  cells of defined develop-
mental stages in vivo. Clearly, in the imb-1 mouse, the stimulated 
T1-B cells require more pro-survival signals such as BAFF than 
non-stimulated T2-B cells, similar to what has previously been 
observed for the anergic anti-hen egg lysozyme B cells (40, 63). 
Only the stimulated T2-B cells, however, displayed an upregula-
tion of the pro-survival factor Bcl-2, indicating that the NF-κB 
signaling pathway was activated in these cells. Indeed, genetic 
and biochemical studies have shown that the canonical and non-
canonical NF-κB signaling pathways play an essential role for 
the survival and further development of T2-B cells (36, 61, 92).  
It was recently suggested that the signals from the BCR and the 
BAFF-R cooperate to ensure a prolonged NF-κB activation and, 
thus, the survival of stimulated B cells (62). Furthermore, it has 
been shown that the overexpression of either Bcl-2 or Bcl-xL 
rehabilitates the survival of BAFF-R deficient B cells, suggesting 
that BAFF rescues B cells from apoptosis (31, 38, 93). However, 
our studies of in  vitro cultured T1-B  cells from imb-1 mice 
suggest that BAFF is not the only factor controlling the survival 
of transitional B cell in vivo. According to Sandel and Monroe 
(55), the site of antigen encounter is important for the decision 
whether immature B  cells are rescued or undergo apoptosis. 
Therefore, the cellular BM microenvironment protects imma-
ture B cells from apoptosis by inducing RAG re-expression and 
subsequent receptor editing whereas splenic microenvironment 
does not prevent the rapid demise of stimulated transitional 
B cells resulting in their negative selection. In the BM, CD90lo 
cells, which have later been identified as basophils (94), seem to 
provide the rescuing signal to immature B  cells. Interestingly, 
basophils (and also mast cells) have been attributed with the 
production of high levels of BAFF, IL-4, IL-6, IL-13, and other 
cytokines, thereby contributing to the survival niche of imma-
ture but also mature activated B cells in vivo. Basophils have even 
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been reported to home to sites of inflammation in the periphery 
thus supporting activated B cells and plasma cells [reviewed in 
Ref. (95)]. It is thus feasible that, due to lymphopenia in imb-1 
mice at the start of the experiments, there is an altered splenic 
microenvironment, where basophils, mast cells, and their prod-
ucts contribute to the enhanced survival of anti-IgM-treated 
T1 B cells in vivo. Furthermore, not only in vitro but also in an 
in vivo situation, stimulation through CD40 certainly plays an 
important role in B cell activation. From the results shown in 
Figure S3 in Supplementary Material one could assume, how-
ever, that CD40 ligand (L) does not account for the survival of 
the T1 B cells after anti-IgM stimulation in vivo since T1 B cells 
stimulated with anti-IgM still survive in the transfer experi-
ments into Rag2−/−γc−/− mice, which lack T cells and therefore 
CD40L. However, other cell types, including basophils and mast 
cells, can express CD40L, thus mimicking “T-cell help” (95) and 
might therefore play an important role in the in vivo survival, in 
addition to BAFF. Clearly more remains to be learned about the 
signals that control the selection of B cells (in vitro and) in vivo, 
and the imb-1 mouse strain represents a useful model in which 
to study these events in more detail.

Finally, the imb-1 and RERT/EGFP models can be 
employed in studies of BCR signaling in lymphoma and leu-
kemogenesis. Many B cell lymphomas are dependent on BCR 
signaling (96), such as, e.g., chronic lymphocytic leukemia 
(CLL). Combining the imb-1 or RERT/EGFP mouse lines 
with transgenic Tcl-1 lines, the latter serving as model for CLL 
(97), would result in generation of B cells either with low or 
with nearly physiological BCR surface expression and would 
thus allow studying the influence of BCR expression dosage 
on CLL development.

MaTerials anD MeThODs

generation of Targeting Vector  
and Targeted es cell clones
Two genomic clones containing the complete mouse mb-1 
locus from the BALB/c strain (98) were kindly provided by Dr.  
N. Sakaguchi (Kumamoto, Japan) and were used for the generation 
of the mb-1 MerCreMer targeting vector in order to replace exons 
1 and 2 of the mb-1 locus. The Cre cDNA was derived from the 
pBlueiCre plasmid kindly provided by R. Sprengel (Max Planck 
Institute for Medical Research, Heidelberg, Germany) (99). A 
3-kb cDNA encoding for MerCreMer was recovered from the pAn 
MerCreMer vector, containing the cDNA of MerCreMer under 
the human β-actin promoter and subcloned in the pBSmb-1 
backbone, which encodes the BALB/c genomic mb-1 promoter 
and the short arm of homology of the mb-1 locus. The ATG codon 
derived from MerCreMer is in-frame with the ATG from exon1 
of the mb-1 gene. In addition, the splice donor site from the mb-1 
exon 3 was introduced by oligonucleotides after the stop codon 
of MerCreMer. The E-mu enhancer was introduced as a blunted 
990  bp XbaI fragment 5′ from the mb-1 promoter. The 9.6  kb 
genomic long arm of homology beginning within intron 3, as well 
as a Neor cassette flanked by two Frt sites in the same direction, 

was cloned in a last step to give the targeting construct. The 
generation of the reporter mEGFP/mb-1inv vector was described 
before (47).

BALB/c ES cells (1 × 107) (100) were electroporated in 900 µl 
transfection buffer (20 mM HEPES, pH 7.0; 137 mM NaCl; 5 mM 
KCl; 0.7 mM Na2HPO4; 6 mM glucose; 0.1 mM 2-β-ME) with 
20 µg linearized vector at 240 v and 475 μF. ES cells were cultured 
in DMEM selection medium containing 10% FCS, l-glutamine, 
sodium pyruvate, penicillin/streptomycin, and G418 (320 µg/ml).  
Three clones out of 480 gave the expected bands for the targeted 
allele by Southern blot analysis. Digestion with EcoRI results 
in a 4.1  kb fragment for mb-1 MerCreMer and a 7.6  kb frag-
ment for both mEGFP/mb-1inv and mb-1/mEGFPinv, compared 
with a 6.4  kb fragment from BALB/c genomic DNA. The neo 
cassette was deleted by transient expression of the enhanced 
(Flpe) recombinase kindly provided by Dr. F. Stewart (Dresden, 
Germany) (101). Two independent clones were injected into 
C57BL/6J blastocysts at the transgene facility of the Max-Planck-
Institute of Immunobiology (Freiburg, Germany). Five chimeric 
mice were obtained, and only one transmitted the mutation to the  
germ line.

Mouse experiments
The reporter mice mEGFP/mb-1inv and mb-1/mEGFPinv have 
been described (47). Intercrossing of mb-1MerCreMer mice to 
mEGFP/mb-1inv mice gave rise to the imb-1 strain, and cross-
ing mb-1MerCreMer to mb-1/mEGFPinv resulted in the cmb-1 
strain. The B1-8H mice (57) harboring a VDJ transgene derived 
from the (4-hydroxy-3-nitro-phenyl acetyl) (NP)-binding 
antibody B1-8 (102) at the VH locus, were crossed to imb-1 and 
cmb-1. The RERT mouse strain (70) was kindly provided by  
M. Barbacid (Madrid, Spain) (71). The crossing of the RERT with 
the mEGFP/mb-1inv strain generated the RERT/EGFP mouse 
strain, schematically depicted in Figure S4B in Supplementary 
Material. The B1-8H and BAFF-R−/− mouse strain was obtained 
from K. Rajewsky (38, 57). Mating of the BAFF-R−/− mouse with 
the imb-1 mouse resulted in the imb-1/BAFF-R−/− mouse strain. 
Mice used throughout this study were 6–8 weeks old. All animal 
studies were carried out in accordance with the German Animal 
Welfare Act, having been reviewed by the regional council and 
approved under license #G-09/103. All mice were maintained in a 
barrier mouse facility, or under specific pathogen-free conditions 
at the animal facility of the MPI-IE.

southern Blot and Pcr analysis
A 170-bp genomic mb-1 fragment located 2  kb 5′ of the mb-1 
promoter (103) was used as an external probe to discriminate 
between wild-type (7.6  kb) and the MerCreMer targeted allele 
(4.1  kb) when hybridized to EcoRI-digested genomic DNA. 
Screening for the reporter mice has been described earlier 
(47). PCR screening of genomic DNA derived from tails of the 
different transgenic mice used in the experiments was done as 
follows: for MerCreMer detection, an hCre PCR was used with 
the following primers hCredir: CCCTGTGGATGCCACCTC 
and hCrerev: GTCCTGGCATCTGTCAGAG. Ta  =  58°C; 
Tex = 1 min and 30 cycles give a 450-bp product. In addition, an 
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EGFP PCR was designed to detect the insertion of mEGFP/mb-
1inv or mb-1/mEGFPinv in the reporter strains. Two primers were 
designed GFPdir; GGTGGTGCCCATCCTGGTCG and GFPrev: 
GTACAGCTCGTCCATGCCGAG. A 700-bp product is detected 
under the same conditions as in the above-mentioned PCR. 
Homozygous mice were identified by the lack of B lymphocytes 
in peripheral blood caused by the Ig-α deficiency.

Tamoxifen Treatment of Mice
Tamoxifen citrate® tablets 30 mg (AstraZeneca) were emulsified 
in clinoleic® 20% (Baxter), a mixture of olive and soybean oil in 
a 5:1 ratio. In all experiments, mice were treated 1× orally with 
6 mg the suspension, by gavage with the help of a curved needle. 
Mice were then analyzed at different times p.i.

analysis of Mice With inducible  
B cell Development
The absence of B  cells in imb-1 and RERT/EGFP mice before 
induction with tamoxifen citrate was verified by FACS analysis 
of peripheral blood. The mice were bled again at day 5 p.i. and 
monitored for B cell development in the periphery. The mice with 
comparable relative B cell percentage in their peripheral blood 
were chosen for each experiment.

Treatment of Mice
imb-1 or RERT/EGFP mice were injected i.p. at day 5 p.i., with 
100 µg goat anti-mouse IgM heavy chain antibodies [polyclonal 
IgG F(ab′)2; #115-006-075] (Jackson ImmunoResearch laborato-
ries). Another goat anti-mouse IgM F(ab′)2 fragment (endotoxin 
low) was applied in the same studies to ensure for reproducibility 
(Southern biotechnology cat. #1022-14). Untreated mice received 
polyclonal goat IgG, F(ab′)2 fragment (cat# 005-000-006) (Jackson 
ImmunoResearch laboratories). TACI-Ig was purchased from 
(R&D). The mice were injected i.p. three times at days 0, 3, and 5 
p.i. with 50 µg per mouse TACI-Ig (Atacicept, Merck) and were 
monitored at day 7 p.i.

generation of the J558 MercreMer/loxP-
stop-loxP megFP reporter cell line
The myeloma cell line J558L μm3-11 MerCreMer/loxP-Stop-loxP 
mEGFP (referred to as J558; MCM/loxEGFP) reporter cell line 
carries a Cre-reporter vector with a loxP-Stop-loxP EGFP cassette 
coding for an mEGFP, expressed under the control of the human 
β-actin promoter. In the 5′ region of the vector a floxed DNA 
cassette bearing a Stop codon and a polyA sequence prevents the 
expression of EGFP. Cre-mediated deletion of the floxed Stop 
sequence results in EGFP expression and can be monitored by 
FACScan analysis. The cell line was generated as follows. Two 
MCM targeting vectors were linearized and transfected into 
the J558L/loxP-stop-loxP EGFP reporter cell line. For this the 
reporter cells growing at the exponential phase were harvested 
by centrifugation (Varifuge 3.0 F, 339 × g, at 4°C for 5 min) and 
washed twice with PBS and 1  ×  107 cells were resuspended in 
300 µl of RPMI medium and transferred into an electroporation 
cuvette (EquiBio ECU 104). Linearized plasmid DNA (10  µg) 
purified with the Qiagen Maxi Kit was added and the cells were 

incubated on ice for 5 min. The cells were electroporated using a 
BioRad Gene pulser II at 260 V, 960 μF, after which the samples 
were maintained on ice for another 10  min. A “mock” control 
containing the same cell number was subjected to electroporation 
in the absence of DNA. The electroporated cells were resuspended 
in 48 ml RPMI medium, plated into two 24-well plates (Greiner) 
at 1 ml/well and incubated at 37°C and 5% CO2. The medium was 
replaced after 2 days with fresh medium containing the desired 
selection factor (G418 or hygromycin).

Preparation of cell suspension  
From lymphoid Organs
Single cell suspensions from BM, spleen, and blood were prepared 
as described (103).

antibodies for Facs analysis
For each sample 1–2  ×  106 cells were incubated with various 
combinations of antibodies as indicated. The antibodies for 
lymphocyte staining were against the following mouse antigens: 
B220 (clone RA3-6B2), CD19 (clone 1D3), CD21 (clone 7G6), 
CD23 (clone B3B4), IgD (clone 11-26), Bcl-2 (clone 3F11), 
purchased from BD (Becton Dickinson). Biotinylated Abs 
were detected by Streptavidin-PerCp (BD). Anti-mouse IgM 
was from Jackson ImmunoResearch Laboratories. Anti-mouse 
CD93 (C1qRp; clone AA4.1), MHC class II (I-A/I-E) (clone 
M5/114.15.2), CD62L (clone MEL-14), CD24 (clone M1/69), 
CD40 (clone 1C10) antibodies were from (eBioscience), and 
anti-CD40 antibodies (clone 3/23) were from (BD). In the 
mouse experiments, the dead cells were excluded based on 
FSC/SSC. In the in vitro experiments, 7-aminoantinomycin D 
(7AAD) was used to exclude dead cells and was purchased from 
(SouthernBiotech). Four-color flow cytometry was performed 
on a FACSCalibur™ flow cytometer (BD). Flow cytometric 
profiles were analyzed using CELLQuest™ software (BD) and 
FlowJo (Tree Star). Prior to all the stainings, the cells were incu-
bated with an anti-Fc receptor antibody (clone 2.4G2) to block 
unspecific binding.

intracellular staining
For each sample 1–2 × 106 cells were washed in PBS and then 
fixed in a 2% formaldehyde solution for 15 min at room tempera-
ture. The cells were washed two times in PBS and then stained for 
15 min at room temperature with anti-Bcl-2 (Clone 3F11; BD) 
or anti-Bcl-xL (Clone H-5, Santa Cruz Biotechnology) in 0.05% 
saponin in PBS.

cell sorting, Transfer, and In Vitro 
stimulation
Transitional 1-B  cells from imb-1 mice were sorted by 
negative selection using CD43 and Thy1.2 antibodies to exclude 
non-B cells. T1-B cells from RERT/EGFP mice were sorted based 
on EGFP expression. These cells closely resemble imb-1-derived 
T1-B cells due to their expression of one copy of the mb-1 allele, 
whereas EGFP is expressed from the second mb-1 allele and 
thus serves as a reporter. To exclude CD23+ population, the cells 
were further stained with an anti-CD23 antibody (clone B3B4; 
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BD). The sorted EGFP+CD23− T1-B cells (purity ≈ 98%; Figure 
S3B in Supplementary Material) were immediately transferred 
i.v. into Rag2−/−γc

−/− mice and either left untreated or treated 
with F(ab′)2 fragment of anti-IgM 3  h after transfer of EGFP 
positive cells.

For in vitro stimulation experiments, soluble human recombi-
nant BAFF (R&D) was applied at 75 ng/ml; anti-CD40 (FGK45) 
was a gift from the late Ton Rolink and was applied at 10 µg/ml; 
anti-IgM [polyclonal IgG F(ab′)2; #115-006-075] was applied at 
10 µg/ml.

statistical analysis
Statistical testing was performed using one-sample t-test unpaired 
two-tailed Student’s t-test (with n = five mice per group) was car-
ried out using Prism 4 software (GraphPad Software Inc.).

eThics sTaTeMenT

Mice used throughout this study were 6–8 weeks old. All animal 
studies were carried out in accordance with the German Animal 
Welfare Act, having been reviewed by the regional council and 
approved under license #G-09/103. All mice were maintained in a 
barrier mouse facility, or under specific pathogen-free conditions 
at the animal facility of the MPI-IE.
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We employed the B-Indu-Rag1 model in which the coding exon of

recombination-activating gene 1 (Rag1) is inactivated by inversion. It is flanked by

inverted loxP sites. Accordingly, B cell development is stopped at the pro/pre B-I

cell precursor stage. A B cell-specific Cre recombinase fused to a mutated estrogen

receptor allows the induction of RAG1 function and B cell development by application of

Tamoxifen. Since Rag1 function is recovered in a non-self-renewing precursor cell, only

single waves of development can be induced. Using this system, we could determine

that B cells minimally require 5 days to undergo development from pro/preB-I cells to the

large and 6 days to the small preB-II cell stage. First immature transitional (T) 1 and T2 B

cells could be detected in the bone marrow at day 6 and day 7, respectively, while their

appearance in the spleen took one additional day. We also tested a contribution of adult

bone marrow to the pool of B-1 cells. Sublethally irradiated syngeneic WT mice were

adoptively transferred with bone marrow of B-Indu-Rag1 mice and B cell development

was induced after 6 weeks. A significant portion of donor derived B-1 cells could be

detected in such adult mice. Finally, early VH gene usage was tested after induction of

B cell development. During the earliest time points the VH genes proximal to D/J were

found to be predominantly rearranged. At later time points, the large family of the most

distal VH prevailed.

Keywords: bone marrow, RAG, B cell development, B-2/B-1a/B-1b, antibodies, CSR, T-dependent/-independent,

VH usage

INTRODUCTION

B cells are key players in adaptive immunity. However, they also play an important role as
innate-like effector cells (1). Various subpopulations can be defined according to these functions.
This is also reflected by specific sets of surface markers that are diagnostic for such particular B cell
subpopulations. Thus, subpopulations like B-1a, B-2, and marginal zone (MZ) B cells in the spleen
and B-1a, B-1b, and B-2 cells in the peritoneal cavity can be distinguished.

In adulthood, B cells continuously arise from hematopoietic stem cells (HSCs) that residemainly
in the bone marrow (BM). In contrast, in the fetus the liver is the major B cell generating organ (2).
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In earlier studies, it was suggested that the B-1a cell population
could only develop during the fetal stage and is maintained
by self-renewal (3). This was based on findings where B-1a
cells could not be detected after adoptive transfer of adult BM
cells. However, more recently several groups have demonstrated
the existence of BM-residing precursor cells that could give
rise to B-1a cells even in adult mice (4, 5). Thus, adult BM
sustains the potential to give rise to B-1a cells. Nevertheless, a
contribution of such precursor cells to the pool of adult B-1a cells
in unmanipulated adult mice has not been clearly shown yet.

Development of B-2 cells in the adult BM has been studied
very extensively. Cellular markers and status of immunoglobulin
rearrangement at the various stages have been established and
correlated. In brief: the early committed B cell precursors known
as proB/preB-I cells can be identified by the expression of c-kit
and B220 and partial lack of CD19 (6). This stage is followed
by the stage of large cycling pre-B-II cell (B220+CD25+),
then of the stage of small preB-II cell (B220+CD25+) and
finally the stage of the immature B cell (B200+sIgM+). At
such developmental stages, rearrangement and expression of
the immunoglobulin gene segments takes place in an ordered
fashion i.e., DJ and VDJ at the pro-B/preB-I, preB cell receptor
expression at the large preB-II and rearrangement of gene
segments of the light (L) chain loci at the small pre-B-II cell
stage. Subsequently, immature B cells are the first B cells to
express surface IgM. They emigrate from the BM and complete
their development to mature B cells (CD19+CD93−IgM+)
in the peripheral lymphoid organs in two clearly discernable
transitional steps: T1, CD19+CD93+IgM+CD23−, and T2,
CD19+CD93+IgM+CD23+ (7).

To study B cell development, we have established a new
recombinant mouse system—B-Indu-Rag1 (8). In such mice,
B cell development is arrested in the pro-B cell stage due
to an inversion of the coding exon 2 of the recombination-
activating gene 1 (Rag1). In addition, the inversion is flanked
by two loxP sites in opposite direction. These mice also express
the recombinase Cre fused to a mutant estrogen receptor. It
is driven by the B cell-specific mb1 promoter. Hence, B cell
development can be induced specifically. Upon application of
Tamoxifen (TAM), the coding exon of the Rag1 gene is inverted
and expression of Rag1 is activated. Thus, B cell development
starts in a synchronized way. Since Rag1 expression is initiated
in a precursor cell that is not self-renewing, only a single wave
of B cell development can be induced. Using such mice, it is
possible tomonitor several parameters of B cell development, like
the minimal timing that developing B cell require for completion
of particular stages, as well as the time that the majority of
developing B cells remain in a particular stage. Only a rough
estimate exists for the time that such processes require. Data from
fetal liver exist on the timing required for B cell development
from the c-kit+ proB cell to the first IgM+ B cell. It was estimated
of roughly 6–7 days (9, 10).

The locus encoding the V regions of the murine heavy
(IgH) chain contains 15 different VH families comprising more
than 100 different individual gene segments (11, 12). It was
claimed that during fetal development of B cells, the V gene
segments most proximal to the constant (C) region are used

first (13). The explanation given suggested that activation of
particular V gene families for rearrangement might require
different signals. Proximal V gene segments should become
accessible first because V genes more distal to Cµ would require
the presence of IL-7 for accessibility (14). Similar suggestions
were made for early progenitors during adulthood (15, 16).
We wanted to confirm these findings in the B-Indu-Rag1 mice,
since early after induction of B cell development in such mice,
the rearrangement process should be in synchrony (8). Rare
rearrangements during the early phase might be diluted out
under steady-state conditions or might be lost due to selection
processes. Here, they should become detectable shortly after
application of the inducer TAM in such mice.

In the present work, we used the B-Indu-Rag1 model to
estimate the length of time that a B cell precursor requires to
pass the various stages of B cell development in the adult. We
could further show that, indeed, at the earliest time points after
induction, preferentially the V gene segments most proximal
to Cµ are rearranged. Finally, by adoptive transfer experiments
into sublethally irradiated recipient mice, we show that B-1 cells
arising from adult progenitors are able to contribute to the B-1
cell pool of adult mice.

MATERIALS AND METHODS

Mice
B-Indu-Rag1 mice were described in Duber et al. (8). CB20,
Igα−/− (17) and RAG1−/− (18) mice were obtained from the
Basel Institute for Immunology and kept under specific pathogen
free conditions (SPF) in the animal facility of the Helmholtz
Centre of Infection Research. BALB/c mice were purchased from
Janvier (Le Genest-Saint-Isle, France). Mice, aged between 8 and
14 weeks were used for the experiments. For induction of B cell
development or as control, 400µl of a 20 mg/ml solution of TAM
(Ratiopharm) in ClinOleic (Baxter) was administered orally. All
animal studies were performed in strict accordance with German
Animal Welfare legislation. All protocols were approved by the
Institutional Animal Welfare Officer (Tierschutzbeauftragter),
and necessary licenses were obtained from the regional license
granting body (LAVES, permission number 33.9-42502-04-
11/0390).

Flow Cytometry and Adoptive Cell Transfer
Single cells were obtained by flushing lymphoid organs or the
peritoneum of mice with ice-cold IMDM (Iscove’s modified
Dulbecco’s medium, GibcoBRL/Invitrogen). Erythrocytes were
lysed by incubation with ACK buffer (0.15M NH4Cl, 10mM
KHCO3, 0.1mM Na2EDTA, pH 7.2) for 2–3min on ice. For
the isolation of cells originating from blood, cardiac-blood was
collected into 500 µl of PBS including 50 µl 1:100 diluted
heparin 25,000 (Ratiopharm). Erythrocytes were lysed by adding
Erythrocyte-lysis buffer (2.06 g Tris-base, 7.49 g NH5Cl in a total
volume of 1 l H2O, pH 7.2) for 5min at RT. Cells were centrifuged
for 5min at 1,000 rpm 4◦C. The supernatant was discarded and
the steps were repeated until the cell pellet was white. For T cell
transfer, 3 × 106 splenocytes, isolated from B cell-free Igα−/−

mice (10–14 weeks old) were injected i.v. in a volume of 100–200
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µl sterile PBS into CB20 or RAG1−/− mice and were analyzed
by flow cytometry to confirm the composition (40–50% of T
cells). For flow cytometric analysis, cells were resuspended in 1x
PBS containing 2% FCS and 0.5mM EDTA. Cells were stained
with the following antibodies conjugated with flourophors or
biotin directed against: CD11b, CD3, CD4, CD5, CD8, CD25,
CD40, CD23, CD93 (all eBioscience), B220, CD19, CD43, CD21,
IgMa, IgMb (all BDPharmingen), IgD (clone 1.19, prepared in
our lab). Biotinylated antibodies were revealed using various
streptavidin conjugates (BD Biosciences or Southern Biotech).
BrdU labling at day 9 after TAM application and staining
were performed exactly according to manufacturer’s protocol
(FITC BrdU Flow Kit, BDPharmingen). Flow cytometric analysis
always included gating on lymphocytes, exclusion of doublets
as well as exclusion of dead cells by DAPI staining. Analysis
was carried out using an LSRII or Fortessa (Becton Dickinson).
Data were analyzed using DIVA software (Becton Dickinson)
or FlowJo. Cell sorting was carried out on a FACSAria (Becton
Dickinson).

Ig Concentration Measurements and
ELISPOT
IgA concentration from intestinal wash out was determined
by ELISA according to standard protocol (8) using goat
anti-mouse IgA (Sigma) as coating antibody and peroxidase
coupled goat anti-mouse IgA (Sigma) as detection antibody.
Immunoglobulin concentrations from sera were measured
using a kit according to the manufacturer’s protocol (Mouse
Immunoglobulin Isotyping Panel 6plex FlowCytomix Multiplex,
eBioscience). Flow cytometry was carried out using analyser
LSRII (Becton Dickinson). ELISPOTs were performed according
to standard protocols (8). ELISPOTs detecting IgA and IgG
secreting cells were performed according to the same protocol,
using anti-IgA (clone C10-3, BD Pharmingen) or goat anti-
mouse IgG (Sigma) as capturing antibodies and biotinylated anti-
IgA (clone 11-44-2, eBioscience) or biotinylated goat anti-mouse
IgG (MABTECH) as secondary antibodies.

BM Transfer
For adoptive transfer, 8–12 weeks old B-Indu-Rag1 mice were
used as donors. BM cells of both femurs were prepared and 3
× 106 cells were injected i.v. into sublethally irradiated (5Gy)
8-week-old Rag1−/− or CB20 mice. B cell development in
the recipients was induced by TAM application 6 weeks after
irradiation and cell transfer and analyzed after 3 weeks.

Nucleotide Sequence Analysis of VH Genes
Total RNA from BM cells from induced mice after 1–7 days
and sorted BM cells from wild-type (Wt) mice was isolated
using RNeasy MiniKit (Qiagen). cDNA synthesis was performed
using RevertAid Reverse Transcriptase (Fermentas) using IgM-
specific primers: 5′-ATGGCCACCAGATTCTTATCAGA-3′ and
5′-GAGGTGCAGCT GCAGGA GTCTGG-3′. For template
library generation of IgM sequences, PCR with a primer
binding in the constant cµ region (5′-CTATGCGCCTTG
CCAGC CCGCTCAGA(MID)ATTTGGGAAGGACTGA-3′) in
combination with a primer binding in the VH region of all

VH genes 5′-CGTATCGCCTCCCTCGCGCCATCAGGA GGT
GCAGCTGCAGGAGTCTGG-3′ was performed. MID (multiple
identifier) consists of 4 nucleotides in 9 different variations for
identification of single samples in a single lane. PCR conditions
were as follows: 95◦C, 1min; 35x (95◦C, 30 s, 55◦C, 40 s, 72◦C,
40 s); 72◦C, 10 s. Amplicons were purified by gel extraction
(QIAquick Gel Extraction kit; Qiagen). Sequencing by the 454
method and data analysis was done exactly as described (19).

Curve Fitting
To model the development of the frequency of B cell subsets
over time, three parametric functions were considered: The
constant function f (t) = a with the only parameter a,
representing no (significant) change over time the linear function
f (t) = a · t + b with two parameters for a linear increase or
decrease over time and the bell-shaped parametric curve f (t) =
a+ b · exp ((t − c)2/d). Parameters a and c can shift the curve
in y- or x-direction, respectively; parameters b and d can stretch
the curve in y- or x-direction, respectively. The bell shaped curve
models an increasing behavior followed by a decrease or vice
versa. A least squares approach was used to fit the curves to the
data. In the case of the bell-shaped function being nonlinear in
its parameters, the fitting was carried out with the function optim
within the statistics software R (20). It would not be meaningful
to base the choice of the best of the three models on the error,
i.e., the mean squared error because the most complex model—
here the bell-shaped function—would always yield the smallest
error. The corrected Akaike information criterion (AIC) (21) is
a method used for choosing the most suitable model among—
usually linear—parametric functions of different complexity in
terms of the numbers of parameters. The corrected AIC evaluates
the different parametric functions based on the variance of
the residuals, the number of parameters and the sample size.
Especially for small sample sizes as considered here, using
the residuals directly would favor parametric functions with a
tendency to overfitting. Therefore, the variance of the residuals
was estimated based on leave-one-out cross-validation. With
leave-one-out cross-validation the residual at each point for
a parametric function is computed by removing the point
from the data set, computing the corresponding parameters
of the function based on the remaining data points and then
taking the residual of the point that was not involved in the
parameter estimation. This is repeated for each data point
and each of the three parametric functions. The bell-shaped
parametric curve is not only a nonlinear function but also
nonlinear in its parameters, making it much more flexible than
the constant and the linear model. To account for this extreme
flexibility and not favor the bell-shaped curve, each of the four
parameters of the bell-shaped function was counted twice for the
corrected AIC.

Statistical Analysis
Statistical analysis was done using a Mann-Whitney-U-test or
a two-tailed Student t-test. A p value < 0.05 was considered
statistically significant.
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RESULTS

Development of B Cell Progenitors in the
BM of Adult Mice
We intended to use the power of the B-Indu-Rag1 mice to
establish or to confirm parameters of B cell development
in the adult mouse. First, we estimated the timing that
proB/preB-I cells need for their developmental progression
to the subsequent stages of the B cell lineage. B-Indu-Rag1
mice were induced once with TAM and at different time points
cells were isolated from different tissues and analyzed by flow
cytometry (Supplementary Figure S1). A first increase in
percentage of progenitor cell could be detected from day 5 on for
the large preB-II cells (B220+AA4.1+CD25+CD40−IgM−;
Figure 1A and Supplementary Figure S2). Similarly, a
first increase could be observed for small preB-II cells
(B220+AA4.1+CD25+CD40+IgM−; Supplementary

Figure S2A) at day 6 (Figure 1A and Supplementary

Figure S2A). At days 7 and 11 the respective subset reached
maximum (Figure 1A and Supplementary Figure S2A). By
applying least square analysis, a time span of day 8 to day 13
could be defined, in which the majority of small preB-II cells
were found. Since B cell development was induced only once
(i.e., by a single-dose administration of TAM), the percentages of
the preB cell subsets declined after reaching the peak. No further
differentiation from proB/preB-I cell is expected to replenish the
preB-II cell compartment.

Immature B cells (T1 and T2) migrate out of the BM via the
blood stream into the spleen where they further mature (22).
Both subsets are CD19+AA4.1+ (Supplementary Figure S1B).
Due to expression of CD23 and IgM it is possible to distinguish
these two populations (23). After TAM application, the first T1
cells could be detected at day 6 in the BM, while T2 cells required
one day more (Figure 1B and Supplementary Figure S2B). In
blood, such cells appeared roughly at the same time: in contrast,
appearance in spleen was detected with a delay of one-day for
both subsets. Highest percentage of transitional B cells was found
between day 10 and 12 in all locations analyzed. The peak at day
11 for blood and day 12 for spleen (Figure 1B) was confirmed by
least square analysis (Supplementary Figure S2B). In addition,
in all particular locations specific cells were detected first in the
T1 and then in the T2 compartment. This confirms the notion
of a stepwise maturation of transitional B cells from T1 to T2
(23, 24).

The sequential maturation also became clear, when comparing
the relative cellularity in the T1 and T2 compartments. Due
to continuous generation and maturation in adult WT mice,
the ratio between the two different transitional B cell subsets
remained equal over time. Since B cell maturation in B-Indu-
Rag1 mice starts with the time of induction, the ratio changes
over time (Figure 1C). Interestingly, in BM the ratio declined
nearly to zero at day 15. This verified that transitional B cells
first develop in the BM and later on migrate into the periphery
(Figure 1C).

Proliferation of T1 and T2 cells without exogenous B cell
receptor (BCR) stimulation has been described before (25).
Proliferation of such cells suggested expansion of both B cell

populations during this stage. To confirm population expansion
by proliferation of transitional B cells in the B-Indu-Rag1 model,
we used BrdU incorporation. We expected that proliferative
expansion would take place before the population reaches peak
levels. Thus, we analyzed the cells at day 9 after induction. In
blood, no proliferating transitional B cells were detected. In
contrast, strong proliferation of T1 B cells could be found in
BM and minor proliferation in spleen (2 and 0.1%, respectively;
Figure 1D). No BrdU incorporation in T2 cells could be observed
under these conditions (data not shown).

First Detection of Mature B Cells as Early
as 11 Days Post-induction
Immature B cells migrate from BM to the spleen to continue
further maturation (22, 26). To determine the time frame for
these events, the first appearance of mature B cells was analyzed.
Mice were treated once with TAM and the presence of B cell
populations in different locations was monitored in kinetics
studies (day 5, 6, 7, 11, 15, and 21 after induction). In spleen, all
mature B cells are CD19+, and due to their differential expression
of CD21, CD23 and CD5, they can be divided into the different
subsets (Supplementary Figure S3). All B cell subsets could be
found in significant numbers at day 15 after TAM administration
(Figure 2A and Supplementary Figure S4). While with time
percentages of B-1a and MZ cells approached the percentages
found inWTmice, the percentage of B-2 cells remained relatively
low compared to WT mice. This might be due to the self-
renewing capacity of B-1a and MZ B cells. By analyzing BrdU
incorporation 15 days post induction in spleen and PeC, hardly
any proliferating CD19+ B cells could be detected at these
locations (Figure 2B). In general, the percentages of B-1a and
MZ cells in spleen (induced mice: 0.3 and 3%, respectively) were
much lower, as compared to the B-2 cell population (induced
mice: up to 10%; Figure 2A; Supplementary Figure S4).

Some mature B cells, after maturation in the spleen, migrate
back to the BM (24). Consequently, we analyzed the minimal
time mature B cells require to develop and to migrate back to
the BM. To this end, we divided B cells into two populations:
both express CD19, but one population, mainly B-2 cells, are
IgM+IgD+ and the other, consisting of B-1 cells, is IgMhiIgDlo.
It is thought that especially IgM+IgD+ B cells in the BM are
the major population that matures in the spleen and recirculates
back to the BM (27). Indeed, we could show that this population
increased over time (Figure 2A). The first mature IgM+IgD+

cells can be detected 15 days post induction in the BM (Figure 2A
and Supplementary Figure S2). In general, and similar to WT
mice, only very low percentages of IgMhiIgDlo B cells could be
detected in the BM (max. 0.6% inWTmice; data not shown). The
major mature B cell population in the BM consists of IgM+IgD+

B cells. In induced mice, the IgM+IgD+ population rose only up
to 0.6%, whereas it is roughly 7% in Wt mice (Figure 2A).

The main producers of natural IgM are B-1a cells. They can
react to T cell-independent stimulation and act as innate-like
cells (28). Their task in the immune system is to quickly produce
antibodies upon infection. In contrast to B-2 cells, B-1a cells are
self-renewing and their progenitors are mainly found in fetal
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FIGURE 1 | Progenitor and immature B cells after TAM-mediated induction of B cell development in different organs of adult B-Indu-Rag1 mice. (A) Large (left) and

small (right) preB-II cells in BM at indicated time points after induction of B lymphopoiesis. (B) Kinetics of transitional B cell (T1 and T2) appearance at different

anatomical sites (BM, peripheral blood, spleen) and time points post induction, as indicated. (C) Ratio of B cells with a T1 and T2 phenotype in BM and spleen of

B-Indu-Rag1 mice at indicated time points after TAM administration. Note that the T1/T2 ratio of Wt mice is shown for comparison (right bar). (D) Cell proliferation of

T1 cells from BM and spleen of TAM-treated B-Indu-Rag1 (left) and Wt (right) mice, as revealed by BrdU incorporation in vivo. Labeling was carried out exactly as

described by the vendor. BrdU 2mg was given i.p. 9 days after application of TAM and the incorporation was analyzed 2 h later by flow cytometric analysis. (A–D):

Graphs show percentages of indicated B cell populations as median ± SEM (n ≥ 3 mice); asterisks in graphs indicate the level of significance (see methods for

details). The experiments were carried out at least twice.
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liver. Nevertheless, also in adult BM some B-1a progenitors are
present (5, 8, 29). Therefore, we expected to find newly developed
B-1a cells in the periphery after induction (8). Similarly, we also
expected to find B-2 and B-1b cells after induction. The latter is
normally enriched in the peritoneal cavity. At this anatomical
site, we could detect B-2 cells (CD19+CD43−CD11b−CD5−)
first around 11 days after TAM induction, whereas the B-1 cell
subsets were found roughly from day 15 onwards (Figure 2A
and Supplementary Figures S4, S5). While the percentages of
B-1a (CD19+CD43+CD11b+CD5+) and B-2 cells were not
reaching the level of Wt mice, the percentage of B-1b cells
(CD19+CD43+CD11b+CD5−) in the peritoneal cavity was
rising above Wt-level as seen before (17% compared to 6% after
8 weeks, Figure 2A and Supplementary Figure S5) (8). Eight
weeks after induction, also the absolute number of B-1b cells in
induced mice was reaching the level of Wt mice. In contrast, the
absolute numbers of the other subsets never reached WT-level.

Importantly, at this time point the increase of mature B
cell populations cannot be attributed to cell proliferation, as
we detected no increased BrdU incorporation (Figure 2B).
Therefore, the question remained where the higher percentages,
especially of B-1b cell population arise from over time. No
progenitors can be detected after day 11 and the transitional B
cell subsets also vanished at day 21 (Figure 2B).

Ig’s Increase Over Time in Serum and Gut
To analyse the functionality of the B cell populations after TAM
induction, we investigated their ability to produce Ig’s. Thus,
the Ig concentration in serum of the different mouse groups
was determined. Similar to the increase of the B cell subsets
in the different organs, Ig’s became first detectable at day 15
after induction (Figure 3A). However, this was found only for
IgM, IgG2a, and IgG3. The IgA and IgG2b subclasses could
first be detected in significant amounts after 21 days of TAM
induction. IgG1 was not increasing significantly at all. At the
same time, the highest concentration could be detected for IgM
with a tendency to reach WT levels. This is the only Ig that
rised to a concentration of 50µg/ml. All other Ig subclasses did
not rise above 1µg/ml within the observation time (Figure 3A).
Obviously, efficient switching of B cells to other Ig subclasses was
not supported in B-Indu-Rag1 mice, most likely due to the lack
of T cell help.

Intestinal IgAmight be mainly derived from B2 cells that were
triggered in the Peyers Patches or mesenteric lymph nodes and,
after differentiation, migrated into the lamina propria (LP). In
addition, B-1 cells are claimed to be able to migrate to intestinal
LP (24). For some time, it was believed that B-1 might be key
players in intestinal immune responses by switching to IgA-
secreting cells in a T cell-independent manner (24). However,
recently it was shown that LP-derived IgA+ cells might not be
derived from peritoneal B-1a, but rather from B-1b cells (30). To
analyse the functionality of B cells in the induced mice in more
detail and to investigate the kinetics of IgA accumulation in the
gut, intestinal washout was analyzed at 11, 15, and 21 days after
induction. In such mice, nearly no IgA in the intestinal wash out
became detectable (Figure 3B). Only 230 ng/ml at day 21 after

induction could be determined, as compared to 500µg/ml in Wt
mice during steady state.

IgM in serum of the induced mice was most likely due to
an overall increase in the numbers of B cells actively secreting
IgM. In contrast, a few B cells could be present that secrete high
amounts of IgM, which then accumulate over time. Therefore,
we performed ELISPOTs of B cells at different time points from
spleen and BM, in the absence of any deliberate stimulation in
vitro. The number of IgM secreting cells was increasing over time
in the spleen (Figure 3C). While only 15 IgM-secreting cells/105

cells were detectable in spleen 11 days after TAM induction, this
number increased to 125 IgM-secreting cells/105 cells at day 21.
In the BM, at day 11, only very low numbers of IgM-secreting
cells could be detected in the induced mice. This suggested
that IgM-secreting cells in spleen might be short-lived plasma
cells. Long lived plasma cells are expected to migrate to BM
(Figure 3C). However, plasma blasts derived from B-1a cells
might behave differently.

T Cells Help to Increase B Cell Numbers
Mainly in Spleen
To differentiate into an antibody secreting plasma cell or a
memory B cell, B-2 cells require help from T cells. This takes
place in secondary lymphoid organs, like spleen or lymph nodes.
In addition, the cytokine-milieu that is available during the
activation of a B cell is decisive for the class and subclass of
Ig expressed after differentiation (31, 32). To analyse the T cell
requirement for efficient development of such B cells, T cells
were adoptively transferred into B-Indu-Rag1 mice 1 day before
TAM administration. The presence of various B cell subsets was
analyzed by flow cytometry 3 and 8 weeks after induction. In
BM, nearly no mature B cells could be detected, independent
of whether T cells were transferred or not (Figure 4). In spleen,
B-1a cells were found in significantly higher numbers, when T
cells were available (Indu+T) than without T cell transfer (Indu;
Figure 4). ForMZB cells, this was only true for the later (8 weeks)
time point, while B-2 cells were found to be increased at both time
points (3 and 8 weeks). In peritoneal cavity, only a slight influence
of the T cells on the numbers of B cells was observed (Figure 4).

As T cells obviously influence the development and
differentiation of B cells, their effect on Ig secretion was
investigated. Serum frommice taken at different time points after
induction was analyzed. No differences in IgM concentrations
between Indu and Indu+T could be observed (Figure 5A). In
contrast, for all other Ig’s (IgA, IgG1, IgG2a, IgG2b, and IgG3),
marked differences were found. For each class or subclass, the
concentration was significantly higher at day 21 post induction,
when T cells were available. Analyzing later time points, no
significant differences could be observed any more, except
for IgA. Here, a significant higher concentration in T cell-
reconstituted mice became apparent at 8 weeks post induction
(Figure 5A).

Similarly, in intestinal wash outs, the IgA concentration was
altered: at 3 or 8 weeks after TAM induction, mice that received
adoptively transferred T cells consistently showed higher IgA
concentrations, as compared to mice without T cells (Figure 5B).
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FIGURE 2 | BM-derived mature B cells rise over time in B-Indu-Rag1 mice after TAM-mediated induction of B lymphopoiesis. (A) Graphs depict the kinetics of newly

generated BCR+ B cell accumulation (IgM+ IgD+, IgMhigh IgDlow, B-1a, B-1b, B-2) at different anatomical sites [BM, blood, spleen, peritoneal cavity (PeC)], as

indicated. (B) Cell proliferation of CD19+ B cells from spleen and peritoneal cavity of TAM-treated B-Indu-Rag1 (left) and Wt (right) mice, as revealed by BrdU

incorporation in vivo. The proliferation of T1 was analyzed 9 days after induction. BrdU was given i.p. and 2 h later the incorporation was analyzed by flow cytometric

analysis. (A,B) Mean percentages ± SEM (n ≥ 3 mice); asterisks in graphs indicate the level of significance (see methods for details). The experiments were carried

out at least twice.

In addition to higher serum concentration, the number of
Ig-secreting cells was increased when T cells were available
(Figure 5C). This held true for IgA and IgG, while numbers

of IgM-secreting cells appeared largely similar, irrespective of
whether or not TAM-induced mice were adoptively transferred
with T cells (Figure 5C).
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FIGURE 3 | Induction of B lymphopoiesis in B-Indu-Rag1 mice correlates with increased Ig concentrations over time. Ig classes (IgM, IgA, IgG) and IgG subclasses (1,

2a, 2b, 3) in (A) serum and (B) intestinal washout of 3 mice per group were quantified by ELISA (ng/ml) at different time points after initiation of the experiment, as

indicated. Blue squares: TAM-treated B-Indu-Rag1 mice; black circles: Rag1−/−; mice; black triangles: Wt mice. (C) Number of IgM-secreting cells among 105 total

cells from BM and spleen of TAM-treated B-Indu-Rag1 mice, as revealed by ELISPOT at indicated time points after initiation of the experiment. Data from Rag1−/−

and Wt mice are included for comparison (2–3 mice per group). (A–C), mean values ± SEM; asterisks in graphs indicate the level of significance (see methods for

details). The experiments were carried out at least twice.

B Lymphopoiesis in Adult BM can
Contribute to the Peripheral B-1a Cell Pool
B-1a cells can arise from adult BM (5, 29), as was also shown
using the B-Indu-Rag1 model (8). Similarly, in the present study

we could show that readily detectable numbers of B-1a cells can
arise from adult murine BM, in which only B cell development
is possible and T cells are completely absent. Such adult
BM-derived B-1a cells were functional, as they spontaneously
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FIGURE 4 | Adoptive T cell transfer increases B cell numbers in spleen of TAM-treated B-Indu-Rag1 mice. As indicated, shown are absolute numbers of different

BCR+ B cell populations (IgM+ IgD+, IgMhigh IgDlow, B-1a, B-1b, B-2) at different anatomical sites (top: BM; middle: spleen; bottom: peritoneal cavity, PeC) and 3 and

8 weeks after initiation of the experiment. Note that, in addition to cohorts of B-Indu-Rag1 mice ± adoptive T cell transfer 1 day prior to TAM administration (Indu;

Indu+T), we included Rag1−/− and Wt mice for comparison (n = 3–4 mice per group). Graphs depict mean values ± SEM; asterisks in graphs indicate the level of

significance comparing “Indu” and “Indu+T”. The experiments were carried out at least twice.

secrete IgM, show PtC specificity and can survive for extended
time periods in Rag1−/− recipients after adoptive transfer (8).
Thus far, the question whether B-1a cells still arise in adult
mice was mainly approached in lymphopenic mice. Whether
they also arise in a normal immunoproficient environment, is
still not completely answered. In an effort to experimentally
recapitulate physiological conditions as closely as possible,
Rag1−/− or CB20 mice (IgMb) were sublethally irradiated and
subsequently reconstituted with total BM cells isolated from B-
Indu-Rag1 mice (IgMa). Mice were kept for 6 weeks to allow
recovery and re-establishment of a functional BM environment.
Then, mice were induced once with TAM, followed by flow
cytometric analysis of B cell subsets in peritoneal cavity after 21
days.

As expected, the majority of B cells in the peritoneal
cavity of CB20 recipients was derived from endogenous IgMb

progenitors (Figure 6A). However, we could also detect IgMa+

B cells derived from the donor BM (Figure 6A). In immune-
compromised Rag1−/− mice, in which the endogenous BM does
not contribute to B cell development, B-1 cells dominated over

B-2 cells (Figure 6B). Similar results had been obtained in TAM-
treated B-Indu-Rag1 mice without T cell transfer (Figure 2).
In contrast, in CB20 mice with a functional endogenous B cell
compartment, nearly all newly developed donor-derived B cells
could be assigned to the B-2 cell subset (77%). Nevertheless,
donor-derived B-1a cells as well as B-1b cells could be found in
the peritoneal cavity of such mice. The percentage of B-1a and
B1b cells was much lower, when B cell development was induced
in mice with endogenous B cell development (B-1a: 27 to 6%;
B-1b: 18 to 5%, Figure 6B). A similar situation was observed
in the spleen: nearly all B cells were IgMb+ as they arose from
recipient progenitors and only a minor population was donor-
derived (data not shown). Taken together, precursors in the adult
BM most likely continued to contribute to the mature peripheral
pool of B-1a cells. Thus, our data indicated that the development
of B-1 cells is supported in the adult, even when a complete
immune environment exists. However, and as expected, B-1 cell
development was severely downscaled under these conditions
(Figure 6B), perhaps due to competition with developing B-2
cells.
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FIGURE 5 | T cell transfer enhances Ig secretion by newly generated B cells. See legends to Figures 3, 4 for experimental details. In brief, at indicated time points

after initiation of the experiment, mouse cohorts described in Figure 4 were subjected to ELISA-based Ig quantification in (A) serum (n = 2–4 mice per group) and (B)

intestinal washout (n = 3). (C) Number of Ig-secreting B cells determined by ELISpot. Graphs depict Ig concentrations (ng/ml) or number of Ig-producing cells as

median values ± SEM; asterisks in graphs indicate the level of significance comparing “Indu” and “Indu+T”.

Preferential Usage of Proximal VH Genes in
the Adult BM
In B-Indu-Rag1 mice, shortly after TAM-mediated induction
of B cell development, the process of Igh chain rearrangement
to generate functional pre-BCRs should be in synchrony (8).

Such initial VDJ recombination processes might be obscured
under steady-state conditions in WT mice. Therefore, we next
analyzed the rearrangement kinetics during TAM-induced B
lymphopoiesis in the BM of B-Indu-Rag1 mice. Total BM cells
were harvested daily from day 1 after TAM administration up
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FIGURE 6 | B lymphopoiesis in the adult BM can contribute to the mature B-1a cell pool. Tracking newly generated B-1a cells derived from adult BM. After irradiation

conditioning, CB20 mice (IgMb) or Rag1−/− mice (no endogenous IgM+ cells) were reconstituted with B-Indu-Rag1-derived BM (IgMa). 6 weeks later, cohorts of

chimeric CB20 recipients were administered with TAM to induce B lymphopoiesis from engrafted B-Indu-Rag1 BM. (A) Dot plots depict representative flow cytometry

of IgMa and IgMb surface expression among gated viable cells (FSC/SSC) among peritoneal exudate cells from CB20 mice (IgMb) at day 21 after TAM treatment. (B)

Tracking mature IgMa+ B cell subsets (B-1a, B-1b, B-2) among peritoneal exudate cells of chimeric Rag1−/− (left) and CB20 (right) mice. Graphs depict the

percentage of B-Indu-Rag1 BM-derived IgMa+ cells as median values ± SEM; asterisks in graphs indicate the level of significance, as indicated. (n = 5 mice per

experimental group).

to day 7. Gene-specific RT-PCR to assess VH gene expression
after rearrangement was carried out. For analysis, sequences of
the PCR products were established. In addition, sorted large
and small preB cells (Supplementary Figure S2A), isolated from
control WT (BALB/c) BM cells were included for comparison.
Interestingly, the experiment revealed that the preference of
VH usage varies over time (Figure 7A). At early time points,
relatively few rearrangements involved the IgHV1 (former J558)
family. This is the largest family that is found 5′ and most
distal from the D and J gene cluster. In contrast, the proximal
VH families were found to be predominantly rearranged. At
later time points, however, almost half of the detected VDJ
rearrangements involved the IgHV1 family. Similar data had been
described for B cells derived from fetal liver (13). When large
and small preB-2 cells subsets from WT mice were analyzed for
comparison (i.e., developing B cells in steady state), the data
were comparable to those obtained at late time points from BM
cells of TAM-induced B-Indu-Rag1 mice (Figure 7B). Thus, our
experiments using the B-Indu-Rag1 model confirmed the notion
that B cells at their initial developmental phase preferentially

engage proximal VH gene segments for rearrangement. Only
when rearrangement is not taking place at this initial stage they
also deviate usage to the distal VH families.

DISCUSSION

The Indu-Rag1 mouse represents a highly versatile system to
study various aspects of T and B cell development. For instance,
when the Indu-Rag1 mouse is crossed to a mouse expressing a
fusion of the Cre recombinase with a mutated estradiol receptor
driven by the ubiquitously active Rosa26 promoter, induction of
Cre activates Rag1 expression in HSCs. Since such cells are self-
renewing, continuous T and B lymphopoiesis can be initiated.
This approach has been recently used to characterize IL-17-
producing γδ T cells (33) and early developmental stages of
thymus-derived FoxP3+ T cells (34). In the present work, the Cre
recombinase is driven by the B cell-specific mb-1 promoter. Cre
is flanked on both sites with a mutated estradiol receptor, which
renders its expression tightly controlled and inducible by TAM.
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FIGURE 7 | TAM-induced early B cell development in the adult BM is strongly biased toward VDJ rearrangements that involve proximal VH gene segments. (A)

Kinetics of VH gene usage in the BM of B-Indu-Rag1 mice after induction of B lymphopoiesis, as revealed by analysis of sequenced RT-PCR products at indicated

time points after TAM administration. Mean number of analyzed sequences: 407. (B) Quantification of VH gene usage in FACS-purified populations of large and small

preB-II cells from BM of Wt mice (BALB/c) with continuous B cell development. Mean number of analyzed sequences: 472. Arrows in graphs indicate the position of

individual VH gene families relative to the D/J clusters of the murine IgH gene locus (proximal to D/J: 36-60, SM7, Q52, 7183; distal: J558).
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By and large, no B cell development can be observed under non-
inducing conditions, consistent with the severe developmental
block at the pro/preB cell stage. TAM application leads to a single
wave of development because pro-B cell precursors with activated
Rag1 gene expression are not self-renewing. Thus, they will
be quickly exhausted. This B-Indu-Rag1 model has previously
been successfully used to further corroborate the hypothesis that
functional B-1a cells can develop from progenitors residing in the
adult BM (8).

These previous experiments on B cell development in B-Indu-
Rag1 mice involved several rounds of TAM administration (8).
In contrast, in the present work, TAM was administered as a
single dose, resulting in a single wave of B cell development. This
allowed us to show that pro/preB cells differentiate into large
and small preB-2 cell subsets within 5 and 6 days, respectively.
The peak of these two BM subsets was detected 7 and 11 days
after TAM induction, respectively. A clear order of differentiation
could be observed. First, the large preB cells develop and later on
the small preB cells. Small preB-II cells are known to differentiate
from the proliferating large preB cell population. Nevertheless,
differentiation from large to small preB-II cells appears to occur
almost at the same time. Apparently, some of the large preB-
II cells had quickly and functionally rearranged their IgH chain
locus. This would predict that such large preB-II cells use mainly
the proximal VH gene segments. This hypothesis could be tested
in future studies by establishing the VH usage of isolated cell
subsets. Additionally, some cells might be able to quickly proceed
to generate a functional IgL chain. Again, one would predict that
mainly the IgLκ locus is rearranged under these conditions (35).

A similar order of first appearance could be observed for
transitional B cells: BM, T1: day 6, T2: day 7; spleen, T1: day
7, T2: day 8. Both T1 and T2 subsets peak at day 11 or 12
post induction. However, in contrast to the T1 subset, T2 cells
remain detectable up to day 15 in blood and spleen. The fact that
T1 cells disappear first is consistent with the notion of stepwise
maturation of transitional B cells and their precursor-product
relationship (23, 24). Clearly, only one wave of development takes
place, as beyond 21 days post induction, no progenitor subsets
can be detected anymore. This is also reflected by the T1/T2 ratio.
By that time all progenitors have differentiated into mature B
cells.

The first immature IgM+ B cells (T1) can be detected 6–7 days
post induction. This is consistent with previous data obtained for
B cell development in fetal liver. Here, the first c-kit+ progenitors
can be detected at day 11 after fertilization (9). Six days later, the
first IgM+ B cells can be detected in the fetus (10). This kinetics
is very similar to the data obtained in the present work: Cells
expressing c-kit+ can be found at day 0 of induction and the first
IgM+ immature B cells became detectable 6 days later.

After TAM administration, the mature B cell compartment in
peripheral organs increased starting with day 11, indicating that
mature B cells (especially B-2 cells) need a minimum of 11 days
for full maturation.

We could clearly show that the observed increase in cell
appearance is not due to cell proliferation, as neither transitional
B cells nor mature B cells show higher proliferation, as compared
to fully immunocompetent WT mice in steady state. For

transitional B cells, it was shown before that the T2 subset
proliferates to a higher extend, when the BCR is stimulated (25).
This was not the case in the present study, as no proliferation of
T2 cells could be observed (data not shown).

Interestingly, B-1 and MZ B cells appear later than B-2 cells.
This could indicate that the differentiation of such B cells requires
more time. However, there is no indication for such scenario.
More likely is that the precursor frequency for such cells is lower
than for B-2 cells. Therefore, it requires more time for these cells
to accumulate in significant numbers for detection.

Eight weeks after induction, B-1a and B-1b cells can still be
found in elevated percentages in peritoneal cavity. In contrast,
the B-2 cell population was found to be reduced. This is
consistent with the notion that B-1 cells are self-renewing,
whereas homeostasis of the B-2 compartment critically depends
on the continuous replenishment from precursor cells.

The higher percentage of B-1b cells accumulating in TAM-
induced mice compared to WT mice is consistent with data
shown before (8). None of the other B cell populations in the
peritoneal cavity increased to the same extend. The reason for
the selective increase in the B-1b subset is still unclear. A possible
explanation could be that the recently described B-1 precursor in
BM leads mainly to B-1b cells (5).

By ELISPOT assays the first IgM secreting cells could be
detected by day 11. Apparently, this does not lead to a significant
increase in secretory IgM. At present, it is unclear whether these
IgM-producing cells are of B-1a or B-2 origin. Under the given
experimental conditions, both B cell subsets are likely to have
the potential to give rise to short-lived plasma cells (36). No
IgM-secreting cells could be found in BM at that time point.

Despite the presence of serum IgG and IgA, no Ig’s
could be detected in the intestinal wash out. This finding
appears surprising, considering that the gut-associated lymphoid
tissue is well-known to support T-independent Ig class switch
recombination (37, 38). It might well be that, at the time point
selected for our analysis, IgA-secreting cells have not colonized
the intestinal LP yet.

A recent publication employing humanized mice indicated
that human T cells are strictly required for the terminal
differentiation of mature B cells. The absence of T cells resulted in
a developmental arrest at the transitional stage (39). Based on the
present work, it appears that the findings for human cells in mice
does not extend to the development of murine B cells in their
natural environment. Indeed, our experiments in TAM-treated
B-Indu-Rag1 mice provided no evidence for a developmental
block at the transitional B cell stage.

Interestingly, a T cell-effect on splenic B-1a cells could be
observed. The B-1a numbers were significantly increased in
B-Indu-Rag1 mice that received adoptively transferred T cells
prior to TAM administration, as compared to TAM-treated
mice without T cell transfer. In contrast, the population size of
peritoneal B-1a cells appears to be completely independent of
T cells. The reason underlying this T cell-effect in the spleen
is at present unclear. It is known that B-1a cells react to their
specific antigen in a T-independent manner (40). In addition,
the differences between B-1a cell populations from spleen and
peritoneal cavity are still ill-defined. Possibly, migration of B1a
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cells to the spleen is supported by T cells, a scenario that we have
observed before (Roy, unpublished).

It is known that the cytokine milieu, which critically
determines the outcome of Ig class switch recombination in
activated B cells (31, 32) is at least in part dependent on T
cells. Thus, the appearance of some of the Ig classes is highly
dependent on the presence of T cells (41). Therefore, the serum
Ig concentrations of TAM-induced mice that received adoptively
transferred T cells, were additionally compared to sera of TAM-
induced mice without T cell transfer. After 21 days, at which
time point the first significant amounts of Ig’s could be detected
after TAM-mediated induction of B cell development, the Ig
serum concentration was higher, when T cells were present. This
correlated with increased numbers of Ig-secreting B cells in such
mice. Even for intestinal wash out, it could be shown that the
IgA secretion is highly dependent on T cells (37). Thus, still a
high number of B cells do require T cells for the switching to
IgA-secretion, and possibly also for migration and homing to the
gut.

Nevertheless, while these experiments underscore the
requirement for T cell help in Ig secretion, it appears that only
short-lived plasma cells develop under these circumstances.
Except for IgA, the increase in serum Ig was transient and lost
at later time points of our kinetics analysis. Continuously high
IgA concentration in the presence of T cells could potentially be
attributed to the continuous immune stimulation provided by
commensal bacteria located in the gut of SPF mice. These stimuli
are supposed to activate B cells in a T cell-independent manner
(38). This is obviously not sufficient for an increase in IgA,
neither in the intestinal washout, nor in serum. The requirement
of T cells for B cell maturation was again be confirmed by
ELISPOT.

Under our experimental conditions, most Ig levels never
reach normal levels. This is in contrast to mice in which B cell
development had been stopped or was shown to be defective
after birth. Such mice show a large portion of activated B cells
and serum levels and plasma cell numbers are normal or even
enhanced (42, 43). Why the B cell compartment is not filled
up after induction and does not behave as in such lymphopenic
mice, is unclear. A longer observation period might be required.
Alternatively, the receptor repertoire under our conditions might
be to restricted for a efficient expansion although previously we
could show that the expected specificities are found in B-Indu-
Rag1 mice (8).

The present study and previous publications (5, 8, 29, 44)
indicate that B-1a cells can develop also from adult BM. As these
B-1a cells are developing in an immunodeficient environment, it
could be still argued that the adult BMmight not give rise to these
B-1a cells in a complete and functional immune environment.
Therefore, we established BM chimeras in sublethally irradiated
mice. We argued that such mice recover normal homeostasis
within 6 weeks. Thus, Tam-induced B cell development occurs in
a “quasi-normal” environment. Indeed, B-1a cells were observed
that were derived from newly induced B cell progenitors under
these conditions. However, when other competing B cells are
available, it appears that such progenitors are more likely to
develop into B-2 than into B-1 cells. This confirms data obtained
by other groups on the presence of N-nucleotide additions of

V-D-J junctions of B cell receptors from B1a cells of aged
mice. This was taken as evidence for a contribution of newly
formed adult B cells to the B-1a pool (44, 45). The exact
mechanisms that govern the B-2/B-1a lineage fate decision in
the adult BM under fully physiological conditions remains to be
determined. Recently, Lin28b has been suggested to represent
a B-1a cell-supporting transcription factor that drives such
lineage decisions in fetal vs. adult mice (46, 47). In fact, some
previous transfer experiments failed to provide evidence for the
development of B-1a cells from the BM of adult mice (48),
perhaps owing to the fact that the population size of newly
developed B-1a cells in the adult is exceedingly small. This
could also explain why in more recent experiments, no newly
formed B1a cells derived from unmanipulated adult HSCs could
be observed (49). In any case, in the present work, it could
be clearly shown that also in immunocompetent mice B-1a
cells do develop from adult BM-residing progenitors and that
such newly generated cells contribute to the adult B-1a cell
pool.

Previous studies showed that, in developing B cells in the
young adult BM, the proximal VH genes are used more often
(15). This could be confirmed by using the B-Indu-Rag1 mouse.
In the first days of B cell development after TAM induction, the
proximal genes, close to the D and J clusters were preferentially
found to be rearranged, whereas at later days the distal (J558;
VH1) gene segments predominated. A clear shift from proximal
to distal gene usage can be seen in our kinetics studies, as there
are by day 7 post induction around 40% of gene segments used
from the VH1 (J558) family, whereas it is only 10% by day 1–3.
The normal sorted large and small preB cells that were included
as controls gave the expected results. We therefore feel that we
can exclude a bias due to the use of RNA and RT-PCR for
analysis. Although higher numbers of sequences might provide
a clearer picture, it appears that an individual B cell precursor
has the chance to rearrange a proximal VH gene segment first.
As the process is slow, only some cells will be able to successfully
assemble such VH genes and express a functional heavy chain.
Such cells will have a head start for further differentiation. They
are most likely identical with the pre-BI cells that reach the
next differentiation stage within the shortest time observed in
the present work. Cells that require more time for IgH chain
rearrangement have then the complete repertoire available, since
the locus is now completely open due to cytokine activity or other
not yet defined signals. As in normalWTmice B cell development
is not synchronized, this could not be clearly defined in earlier
experiments. Along this line, it was also shown before that in B
cell precursors isolated from Rag2−/− mice the histone assembly
of distal VH genes allowing their active recombination was highly
dependent on IL-7 (14). In the present mouse model, it would
be possible to investigate this phenomenon in more molecular
details in vivo.
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Supplementary Figure S1 | Flow cytometric gating for large and small preB cells

as well as for T1 and T2 transitional cells. (A) Shown is an example of staining of

BM cells from a B-Indu-Rag1 mouse analyzed 6 days after induction. Cells were

gated for lymphocytes using forward and sideward scatter. Doublets were

excluded by applying FSC area and heights against each other. Dead cells were

excluded by gating for DAPI-negative cells. Those cells were then gated for

B220+AA4.1+ cells for immature B cell population as shown and finally for CD25

and CD40. IgM bearing cells were excluded. (B) Shown is a representative

staining for BM cells of an induced Indu-BRag1 mouse. Gating was done as in A.

Transitional B cells amongst B cell progenitors could be differentiated into T1 and

T2 as CD23− IgM+ (T1) and CD23+ IgM+ (T2). Similar gating was performed for

all tissues analyzed.

Supplementary Figure S2 | Results of least squares fitting. In each case, a

constant, a linear and a bell-shaped model were fitted. The lines shown

correspond to the best model according to Akaike’s information criterion.

(A). Frequencies of indicated B cell developmental stages based on

data from Figure 1A were used and fitted by least square statistics. (B).

Data from Figure 1B were used and fitted by least square

statistics.

Supplementary Figure S3 | Gating strategy for mature B cells. Shown is a

representative staining for cells isolated from spleen of an induced B-Indu-Rag1

mouse. Cells were gated for lymphocytes first using forward and sideward scatter.

Doublets were excluded by applying FSC area and heights against each other.

Dead cells were excluded by gating for DAPI-negative cells. Those cells were then

gated for CD19 and furthermore classified according to the figure and CD23,

CD21, CD5 expression.

Supplementary Figure S4 | Gating strategy for peritoneal mature B cell

populations. Shown is a representative staining for cells isolated from peritoneal

cavity of an induced B-Indu-Rag1 mouse. Cells were gated for lymphocytes first

using forward and sideward scatter. Doublets were excluded by applying FSC

area and heights against each other. Dead cells were excluded by gating for

DAPI-negative cells. Cells were further subdivided based on their expression of

CD19, CD43, Mac-1 (CD11b), and CD5.

Supplementary Figure S5 | Results of least squares fitting for mature B cells.

Analysis was carried out like for Figure S2. Frequencies of indicated BCR+ B cell

subsets based on data from Figure 2 were used and fitted by least square

statistics.
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The BAFF-receptor (BAFFR) is encoded by the TNFRSF13C gene and is one of

the main pro-survival receptors in B cells. Its function is impressively documented

in humans by a homozygous deletion within exon 2, which leads to an almost

complete block of B cell development at the stage of immature/transitional B cells. The

resulting immunodeficiency is characterized by B-lymphopenia, agammaglobulinemia,

and impaired humoral immune responses. However, different from mutations

affecting pathway components coupled to B cell antigen receptor (BCR) signaling,

BAFFR-deficient B cells can still develop into IgA-secreting plasma cells. Therefore,

BAFFR deficiency in humans is characterized by very few circulating B cells, very low

IgM and IgG serum concentrations but normal or high IgA levels.

Keywords: BAFF - B-cell activating factor, TNFRSF13C, BAFF-R, BAFF-R deficiency, B cell, NF-k B, primary

immumunodeficiencies

BAFFR STRUCTURE AND EXPRESSION

Structurally, BAFFR is an atypical representative of the TNF-receptor super-family. Members of
this family are typically characterized by several extracellular cysteine-rich domains (CRDs), which
serve for ligand binding as well as for ligand-independent assembly of receptor monomers into
dimers, trimers or multimers (1–6). Unlike most other TNF-R family members, BAFFR contains
only a partial CRD which serves for ligand binding as well as for self-assembly (7).

B lymphocyte development in human bone marrow proceeds through successive stages that are
defined by the immunoglobulin gene rearrangement process. After the assembly and cell surface
expression of functional IgM molecules, immature IgM+ B cells are tested for their reactivity with
self-antigens, which eventually can be corrected by receptor editing. Then, transitional B cells with
low avidity to self-antigens can leave the bone marrow, enter the circulation, and migrate to the
spleen where they complete these early steps of B cell development [reviewed in (8)]. BAFFR
[BAFFR = B cell activating f actor of the TNF-f amily receptor (9); a.k.a. BR3, Bcmd (10–12)]
expression starts when the immature B cells develop to transitional B cells (13, 14), which then
receive BAFFR-dependent pro-survival signals to rescue them from premature cell death (15–17).
At protein level, the BAFFR is expressed on the surface of all human peripheral B cell subsets except
for plasma cells and for centroblasts located in the dark zone of germinal centers. Its expression is
upregulated after the expression of functional B cell antigen receptors (BCR) in response to tonic
BCR signaling, which enhances BAFFR expression by immature and transitional B cells (15, 18).
Although the induction of BAFFR expression seems to depend on the expression of functional B
cell receptors, it can bemaintained inmice after the ablation of SYK, a key element of BCR signaling
(19), as well as in cells which were depleted from Ig-α (CD79A), an essential BCR component (20),
supporting in both cases the survival of B cells with impaired BCR-signaling. Figure 1 summarizes
the development of immature/transitional B cells and the expression of receptors for BAFF in the
different subsets.
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FIGURE 1 | Expression of BAFFR. TACI and BCMA in B cell development. Critical developmental steps depending on BAFF and APRIL-induced signals are shown by

the presence of the respective ligand.

LIGAND BINDING

BAFFR binds the TNF-like molecule BAFF [BAFF = B cell
activating f actor of the TNF-f amily (21); a.k.a. BLYS (22), TALL-
1 (23), zTNF4(24)] as single ligand (9, 12, 25). In contrast,
the two other closely related, BAFF-binding receptors TACI (T
cell activator and calcium modulating ligand interactor) and
BCMA (B cell maturation antigen) (24) can additionally bind to
APRIL [a proliferation-inducing ligand, (26)], another member
of the TNF-α family, which supports the survival of plasma cells
(27). TACI is expressed by activated B cells, marginal zone B
cells, switched memory B cells and by plasma cells (24, 28–30).
Compared to BAFFR, TACI has different functions by serving
on the one hand as decoy receptor (31) while triggering, on
the other hand, immunoglobulin class-switch recombination
(32). Different from BAFFR and TACI, BCMA is upregulated
in activated B cells and expressed constitutively by long-lived
plasma cells supporting their survival (33). Both ligands, BAFF
(21, 22) and APRIL (26) are type II transmembrane proteins
forming homo- as well as heterotrimers (22, 34–36). BAFF is
expressed as membrane-bound ligand (see also contribution of
Kowalczyk-Quintas et al. to this Research Topic), which is then
processed by the membrane-bound protease furin resulting in a
soluble form. Soluble BAFF exists as trimer and can associate into
a virus-like capsid called 60-mer, composed of 20 trimeric units
(35, 37, 38). The assembly of 60-mers depends on trimer-trimer
interactions mediated by a small loop called the “flap” (34, 35).
Without the flap region BAFF can still assemble into trimers,

which can bind to BAFFR but this form of BAFF does neither
initiate downstream signaling cascades nor does it support B
cell survival. Therefore, crosslinking of multiple BAFF-BAFFR
complexes via the flap-region is essential for BAFFR-dependent
B cell responses (39).

BAFF and APRIL are expressed by monocytes, macrophages,
dendritic cells, bone marrow stroma cells (21, 23, 40), and by T
cells (21, 41). The expression of both ligands increases under pro-
inflammatory conditions (42) and correlates inversely with the
expression of BAFFR and TACI (43).

BAFFR SIGNALING AND TARGET GENES

BAFF binding to BAFFR activates several downstream pathways
that regulate basic survival functions including protein synthesis
and energy metabolism required to extend the half-life of
immature, transitional, and mature B cells.

Like the TNF-receptor family members CD40, LTβR, and
RANK, BAFFR triggers the non-canonical NF-κB2-dependent
pathway (44, 45). NF-κB2 belongs together with NF-κB1, RelA,
RelB, and c-Rel to the group of NF-κB/Rel transcription factors
[reviewed in (46)]. Activation of NF-κB1 is a very rapid process
(47). UponMAP3K7 (TAK1)-dependent phosphorylation, IKKα,
IKKβ, IKKγ assemble into the inhibitor of kappa-B kinase (IKK)
complex and phosphorylate IkBα, the inhibitor of NF-κB1. This
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allows its proteasomal degradation and nuclear translocation
of NF-κB p50/relA and p50-c-rel heterodimers, which are
constantly generated by the association between the processed
form of NF-κB1/p105 and relA or c-Rel. In the nucleus, the
NF-κB heterodimers mainly act as transcriptional activators
regulating a plethora of target genes including the gene for
NF-κB2 (48).

Different from NF-κB1, the activation of the non-canonical
NF-κB2 pathway by BAFF is a slow and complex process (44)
which relies on the activation of the NF-κB inducing kinase NIK
(MAP3K14) (49, 50). In the absence of BAFF (or of other NF-
κB2-inducing factors), NIK binds TRAF3, which promotes the
proteasomal degradation of the kinase after its ubiquitinylation
by a complex with ubiquitin-E3 ligase activity composed of the
cellular inhibitors of apoptosis cIAP1 and cIAP2, TRAF2 and
TRAF3 (51). NIK degradation prevents the accumulation of the
kinase and the phosphorylation of NF-κB2 by IKKα (IKK1),
which itself is activated through phosphorylation by NIK (52).
When BAFF binds to BAFFR, it leads to the aggregation of BAFF
receptors which recruit TRAF3 to their intracellular part. This
allows the dissociation of the NIK-TRAF2/3-cIAP1/2 complex
(53–55), exposes the TRAF3 lysine residue K46 to ubiquitin
ligases and allows proteasomal degradation of TRAF3 (56).
By reducing the number of available TRAF3 molecules, newly
synthesized NIK can accumulate (53) and phosphorylate IKK1
(52). The active form of IKK1 then phosphorylates NF-κB2 p100
at the C-terminal serine residues 866 and 870 (50), which now
becomes a target of the E3 ubiquitin ligase βTrCP, which adds
ubiquitin to lysine residue K856. Ubiquitinylated NF-κB2 then
binds to the regulatory subunit of the proteasome (56) promoting
the cleavage of the p100 precursor into the active p52 form
which forms an heterodimer with relB and translocates into the
nucleus to regulate the transcription of NF-κB2 target genes.
The complexity of this multi-step reaction, which is dependent
on the relative concentration of TRAF and its association with
BAFFR (57) explains why BAFF-induced activation of NF-κB2
target genes is a slow process.

Downstream of NF-κB2 several target genes have been
identified. These include ICOSL, a co-stimulatory ligand for
ICOS, which is expressed by activated T cells, provides co-
stimulatory signals, and promotes the development of follicular
T-helper cells (58). Analysis of B cells fromNIK-deficient patients
underlines the role of NIK and NF-κB2 in activating ICOSL
expression as NIK-deficient cells do not upregulate ICOSL in
response to CD40L (59).

As pointed out above, BAFF binding to BAFFR recruits
TRAF3 to the receptor reducing the concentrations of available
TRAF3. This allows—similar to the accumulation of NIK—the
accumulation of the transcriptional regulator “cAMP response
element binding protein” CREB, which in resting cells is
initially complexed to TRAF3 inducing its ubiquitinylation and
degradation. Accumulation of CREB increases the expression
of its target gene Mcl-1 (60), a Bcl-family member with
powerful anti-apoptotic activity, which acts by stabilizing the
mitochondrial outer membrane (61). The deubiquitinating
enzyme OTUD7B represents another NF-κB2 target gene (62).
Activation of BAFFR increases OTUD7B expression and the

newly synthesized deubiquitinase then binds to TRAF3 resulting
in the formation of a high molecular weight complex including
OTUDB7, TRAF3, TRAF2, and cIAP1/2. This leads to the
deubiqutinylation and stabilization of TRAF3, which now can
bind and inactivate NIK again resulting in the downregulation of
BAFFR signaling. Thus, OTUB7 acts as negative regulator of the
NF-κB2 and limits BAFFR-dependent cellular activation (62).

In addition to NF-κB2 signaling, binding of BAFF to BAFFR
activates the phosphoinositide-3-kinase-dependent signaling
cascade. An elegant series of experiments carried out in mice
demonstrated that activation PI3K pathway by BAFFRmakes use
of components belonging to the B cell antigen receptor pathway
(63, 64). Similar to the B cell receptor (65), BAFFR-induced
signals remodel the cytoskeleton by interacting with a network
which includes the tetraspanin CD81, the co-receptor CD19
and the Wiscott-Aldrich syndrome interacting protein WIP (66).
This suggests that BAFFR seems to be part of a large complex
of transmembrane and membrane-associated proteins using
common signaling components that are activated in a context-
dependent manner. Downstream of PI3K, the AKT/mTOR axis
initiates the metabolic reprogramming of B cells resulting in
an increased cellular fitness and lifespan [reviewed in (67)]. In
mice, BAFF induces the PI3K-depenent phosphorylation of AKT
at both Ser437 and T308 (68, 69) allowing the phosphorylation
of downstream substrates including GSK3β, the transcription
factor FOXO, the small ribosomal subunit protein S6 and the
translation inhibitor 4EBP1. Since phosphorylated S6 activates
while non-phosphorylated 4EBP1 inhibits translation, BAFFR
is an important regulator of protein synthesis. In addition
to protein synthesis, BAFFR-dependent activation of the PI3K
pathway stabilizes MCL-1 by phosphorylating GSK3β and PIM2
(61, 68, 69), leading to enhanced mitochondrial function and
an increase in ATP production. Figure 2 summarizes essential
features of BAFFR signaling.

BAFFR PROCESSING

Besides the activation of several downstream signaling pathways
BAFF binding to BAFFR causes the shedding of the extracellular
part of BAFFR (70). The proteolytic cleavage of BAFFR is
catalyzed by the metalloprotease ADAM10 and requires the
co-expression of TACI. Since TACI is expressed by marginal
zone and by switched memory B cells, BAFFR shedding by
ADAM10 in response to BAFF binding affects mainly these
B cell subsets. After the extracellular part of BAFFR has been
released, its transmembrane part and the cytoplasmic domain
are internalized and translocated to lysosomes where they are
most likely degraded. Thus, BAFFR processing differs from the
shedding of TACI, which is cleaved constitutively by ADAM10
in the absence of ligand. Processing of TACI removes its
extracellular domain, which can act as decoy receptor for both
BAFF and APRIL (31). Similar to TACI, BCMA is also processed
constitutively, not by ADAM proteases but by γ-secretase (71).
As it has been described for Notch, γ-secretase also cleaves the
part of TACI which remains in the plasma membrane after the
extracellular part has been shed by ADAM10 (31), but it remains
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FIGURE 2 | BAFFR-induced intracellular signaling. Without BAFF, NIK is complexed to TRAF3 and degraded in the proteasome. BAFF binding to BAFFR recruits

TRAF3 to BAFFR and stabilizes NIK while TRAF3 is degraded by the proteasome. NIK activates the non-canonical NF-κB2 signaling pathway and allows nuclear

translocation of NF-κB2 p52/relB heterodimers. BAFF binding also activates the PI3K pathway, which shares common components with BCR signaling. The exact

mechanisms leading to PI3K activation are still not understood.

to be shown if the released intracellular form of TACI has a
biological function analogous to the intracellular part of Notch,
which participates directly in the transcriptional regulation of
target genes (72).

Since BAFFR shedding is induced by ligand binding to
BAFFR, the released extracellular domain of BAFFR is most
likely still complexed with BAFF preventing its function as
soluble decoy receptor like soluble TACI or BCMA. If BAFF
dissociates from soluble BAFFR, the soluble form of BAFFRmost
likely also looses its ligand binding activity, which also argues
against its decoy receptor function. As a result of the constitutive
shedding of TACI and BCMA, the surface expression levels of
both receptors are rather low (31, 71), and differs from BAFFR
expression levels, which are high on all B cell subsets except for
germinal center B cells (70).

Germinal center B cells undergo proliferation, somatic
hypermutation and immunoglobulin class-switch recombination
in the dark zone, from where they migrate to the light zone,
where they are selected by their affinity to their cognate antigen
into the switched memory B cell and long-lived plasma cell pool
(73). While light zone B cells express close to normal levels of
BAFFRs which are not bound to BAFF, BAFFRs expressed by
dark zone B cells are heavily loaded with BAFF inducing BAFFR-
dependent survival signals as well as BAFFR processing by
ADAM17. Thus, while BAFF-induced BAFFR processing limits
initial survival signals for dark zone cells (70), the survival of
light zone B cells is regulated by the affinity of their surface

immunoglobulins, which has to be above the thresholds set by
interacting T-follicular helper cells and by the competing IgG and
IgA antibodies secreted by plasma cells surrounding the B cell
follicle (74).

BAFFR AND B CELL SURVIVAL

From the analysis of the BAFFR encoding Bcmd mutation
discovered in the A/WySnJ mouse strain (10, 11) and after the
identification of BAFF as pro-survival cytokine for B cells (21, 75)
it became clear that both proteins form a ligand-receptor pair
which is essential for B cell survival (9, 12). Of interest, the
different mouse models revealed that not all B cell subsets are
equally dependent on BAFFR-induced survival signals. While
Baffr-deficient A/WySnJ or Baff- and Baffr-KO mice had much
less follicular and marginal zone B cells (B2 B cells) than the
corresponding controls, the inactivation of the Baff or Baffr
genes did not affect the population of peritoneal B1 B cells
(11, 25, 76). In the mouse, B1 cells form a distinct, innate-like
B cell subset, which develops before and shortly after birth and
is maintained by self-renewal through limited proliferation but
not, as follicular and marginal zone B cells, by de novo generation
from hematopoietic precursor cells [reviewed in (77, 78)]. Apart
from differences in CD5 expression, B1 B cells can be separated
into two subsets by the expression of plasma cell alloantigen
(PC1; a.k.a ectonucleotide pyrophosphatase phosphodiesterase 1;
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ENPP1). PC1low B1 cells develop from early B1 precursor cells
during fetal life and differentiate in the gut into IgA secreting
plasma cells (79). Interestingly, Baff - and Baffr-deficient mice as
well as BAFFR-deficient humans have decreased titers of serum
IgG and IgM but not of IgA (11, 25, 76, 80), which may be
due to the differentiation of BAFF-independent PC1low B1 cells
developing in the gut into IgA secreting plasma cells. Similar
to genetic ablation of BAFF and BAFFR expression, injection
of anti-BAFF (81) or anti-BAFFR antibodies (82) or of TACI-
Ig (83, 84) resulted in the depletion of transitional-2, follicular
and of marginal zone B cells but spared pro- and pre-B cells,
immature, and transitional-1 B cells. In addition, these depletion
experiments showed that switched memory B cells and plasma
cells can survive after depleting BAFF or blocking BAFF-BAFFR
interactions. Thus, the development and maintenance of the
follicular and marginal zone B cell pool strongly depends on
BAFF and BAFFR, whereas B1 B cells and switched memory B
cells can survive without BAFF, although they express similar
levels of BAFFR as the BAFF-dependent subsets. Future studies
have to reveal, why BAFFR is expressed on these cells and if it has
any function.

THE ROLE OF BAFFR IN B CELL
SELECTION AND AUTOIMMUNITY

BAFFR expression starts in the bone marrow when B cells
become IgM+ immature B cells, which undergo negative
selection for autoreactive B cells. Since BAFFR-dependent signals
prolong the survival of B cells, it was of interest to analyze
if BAFF binding to BAFFR plays a role in the selection of B
cells into the pool of mature B lymphocytes. Using a rearranged
immunoglobulin V-gene knock-in mouse model (18), R. Pelanda
and her group demonstrated that IgM+ IgD− autoreactive B
cells with low IgM surface expression express low levels of
BAFFR and do not respond to BAFF-induced survival signals.
In contrast, non-autoreactive IgM+ IgD− B cells expressing
more IgM on the cell surface also expressed, proportional to
IgM, more BAFFR and developed into IgM+ IgD+ CD21+

CD23− transitional-1 B cells. These cells respond to BAFFR
by developing into IgM+ IgD+ CD21+ CD23+ transitional-
2 cells and later into mature B lymphocytes as it had been
shown before in other mouse models (76, 81). A similar
conclusion was reached by the group of Rolink (85) by carefully
analyzing RAG-2 expression and B cell receptor editing by
mouse and human IgM+ immature B cells from bone marrow.
They found that BAFFR surface levels correlate directly with
IgM but inversely with RAG-2 expression and receptor editing.
Interestingly, anti-IgM treatment downregulates BAFFR on the
surface of immature and transitional B cells while it enhances
its expression on the surface of mature B cells (85). Since
the inactivation of two Rho-GTPase encoding genes Rac1 and
Rac2 does not only abolish BCR-induced intracellular calcium
flux and the activation of the PI3K pathway but also BAFFR
expression (86), BCR-dependent activation of Rac GTPases
seems to induce the transcription of the Baffr gene in immature
B cells.

B cells undergo a second phase of selection in germinal
centers. Since excess of BAFF promotes the development of
autoreactive B cells (75), BAFF-induces signals which interfere
with mechanisms regulating the selection of B cells in the
germinal center and with the equilibrium between BAFF-induced
survival of dark zone B cells and affinity-based selection of
centrocytes in the light zone. Genome-wide genetic association
studies carried out with samples from multiple sclerosis (MS)
and systemic lupus erythematosus (SLE) patients now provide
evidence that genetically encoded changes of BAFF levels result
in increased concentrations and correlate with the increased
risk of developing autoimmunity (87).The genetic change results
from a small deletion within the 3’UTR of BAFF mRNA.
The deletion creates a new polyadenylation site allowing the
premature termination of BAFF transcription. This shorter
version of BAFF mRNA lacks an important regulatory sequence
containing the binding site for miRNA-15a. This prevents micro-
RNA directed control of excessive BAFF mRNA resulting in 1.5
to 2-fold increase in BAFF levels in a gene-dosage dependent
manner. Like in the BAFF-transgenic mice, higher BAFF levels in
humans increase the numbers of circulating B cells, promote the
development of plasma cells, and result in higher serum IgG and
IgM concentrations in homozygous carriers of this TNFSF13B
variant (87).

Ablation of TACI expression or function not only cause
immunodeficiency but also increases the risk of developing
autoimmunity (88–90). The autoimmunity is now best explained
by the decoy receptor function of TACI. In humans, the TACI
variants C104R or C104Y, which reside in the second CRD
abolish ligand-binding activity of TACI without preventing
cell surface expression of the receptor. ADAM10-induced
processing therefore sheds soluble forms of TACI, which cannot
serve as decoy receptors to neutralize excessive BAFF levels.
Therefore BAFF levels are increased in TACI-deficient patients
(43) enhancing the risk of developing autoimmunity and
lymphoproliferation, two characteristic features described in
TACI deficiency in humans (89, 90) and mice (12, 88, 91).

However, point mutations or ablation of TACI expression
also causes immunodeficiency. This can be best explained by the
role of TACI in supporting T-independent immune responses
(32, 92–95) and the survival of plasma cells (28, 30).

BAFFR DEFICIENCY IN HUMANS

In humans, only two cases of BAFFR-deficiency resulting from
complete inactivation of the BAFFR encoding gene TNFRSF13C
have been described so far. In both cases, the autosomal-
recessive, homozygous 24bp in-frame deletion (80) removes the
codons of highly conserved eight amino acids (LVLALVLV)
from the transmembrane region of BAFFR, which extends
from residues (76–98). The truncated BAFFR protein is highly
unstable although in silico modeling predicts that the mutant
BAFFR protein would be able to form a new transmembrane
region between the resulting residues (70–92), which partially
overlaps the TM region of the wild type protein. The lack of
BAFFR expression causes an arrest of B cell differentiation at
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the transition from CD10+ immature/transitional 1 B cells to
transitional 2 / naïve and marginal zone B cells. The homozygous
mutation has full penetrance whereas the heterozygous deletion
is phenotypically indistinguishable from healthy donors. Many of
the immunological characteristics of human BAFFR deficiency
have been described in Baffr-/- mice. The common features
include very low numbers of circulating B cells, low IgM
and IgG antibody titers but increased levels of serum IgA.
Nevertheless, there are some clear differences between BAFFR-
deficient humans andmice. First of all, inactivation of the BAFFR
encoding Tnfsf13c gene in mice still allows normal development
of B1 B cells, whereas in BAFFR-deficient humans have neither
B1 B cells nor any other B cell subset, which would resemble
B1 B cells. However, if B1 B cells would develop in humans as
in mice from precursor cells during embryonic life and persist
by homeostatic proliferation (78, 96, 97), they might have been
disappeared in the BAFFR deficient patients like they also can
disappear in old mice. On the other hand, the severe block in the
development of follicular and marginal zone B cells might have
createdmore space for the expansion of B1 B cells which then also
would have had the chance to compensate the lack of these B2 B
cell populations and to develop into IgA secreting plasma cells in
the gut as it has been observed in mice (79). Interestingly, both
BAFFR deficient patients have an effective output of immature B
cells from bone marrow resulting in high numbers of transitional
B cells, which are comparable to much younger adults. Different
from Baffr-/- mice, both BAFFR-deficient humans suffered from
severe lymphopenia. This difference might also be age-related or
it might depend on differences regulating the size of the B cell
pool, which are not well understood but known to vary between
different individuals (98–100). Since IgM+ CD27+ marginal
zone B cells control infections with encapsulated bacteria (101),
the absence of marginal zone B cells resulted in defective T-
independent vaccination responses against Pneumovax, which
consists of a mixture of 23 different S.pneumoniae cell wall
polysaccharides. Notably, the low but detectable IgG response
against the T-dependent antigen tetanus toxoid, the high IgA
serum concentrations and the presence of IgA+ plasma cells in
the lamina propria of the small intestine showed that BAFFR-
deficiency does not completely exclude the development of B cells
into plasma cells. Similar results were observed in in Baffr−/−

mice in which BAFFR-deficient B cells were found to complete
the germinal center reaction (102) and to develop into switched
memory B cells and plasma cells which survive without BAFFR
(103). Upon depletion of BAFF by BAFF-neutralizing treatment
with anti-BAFF monoclonal antibodies (Belimumab, Benlysta)
or with soluble TACI-Ig (Atacicept), BAFFR-independent long-
term survival of memory B cells has also been detected in SLE
patients. These clinical studies show the strong (>75%) decline
of naive B cell numbers that is followed by an increase in
switched memory B cells (104, 105). Similar to the numbers of
switched memory B cells, IgG antibody concentrations, which
were build-up before starting the BAFF-neutralizing therapy,
remained constant whereas the increase of antibody titers against
neoantigens from influenza virus was significantly lower in
belimumab-treated patients than in controls (106). In a similar
study, the population of switched memory B cells did also not

decrease within a half year treatment of rheumatoid arthritis
patients with TACI-Ig fusion protein atacicept (107).

In addition to the BAFFR deletion, different missense
mutations have been described for BAFFR. The mutants
were found in patients suffering from common variable
immunodeficiency (CVID), the most frequent form of primary
immunodeficiency which is characterized by low or absent IgM,
IgG, and IgA serum titers, low numbers or absent circulating
switched memory B cells and the absence of circulating plasma
cells (108, 109). The BAFFR missense mutations change amino
acid residues in the extra- or intracellular part of BAFFR (110–
112) but they do interfere with B cell development or survival
in a way which would be comparable to the BAFFR deletion
mutant. Therefore, their contribution to the development of
CVID and antibody deficiency remains to be shown. In
this context, the P21R BAFFR variant, which is encoded
by a frequent single nucleotide polymorphism (rs77874543),
represents one exception. The proline 21 is located in a small loop
directly preceding the BAFF binding domain. Functional and
biochemical studies showed that this small loop region is essential
for ligand-independent association of BAFFR polypeptide chains
into multimers. It therefore represents the pre-ligand assembly
domain of BAFFR (7). Although the P21R-related defect in
BAFFR clustering reduces the number of BAFF molecules able
to bind BAFFR on the surface of B cells by at least 50%,
it does not interfere with the development of transitional B
cells to naive mature B cells. Since BAFFR multimerization
strongly enhances BAFF binding, B cells carrying the P21R
mutation develop less efficiently into IgM secreting plasmablasts.
Moreover, the homozygous P21R variant is completely resistant

TABLE 1 | Comparison between human and mouse BAFFR.

BAFFR Human Mouse

Expression starts in immature IgM+

D− bone marrow B cells

+ +

Low expression during receptor

editing

+ +

Expression induced by BCR signaling + +

Supports survival of transitional,

follicular and marginal zone B cell

+ +

BAFFR-independent survival of

switched memory and plasma cells

+ +

BAFFR-independent survival of B1 B

cells

B1 B cells not found +

High IgA levels in BAFFR deficiency + +

BAFF-induced BAFFR processing by

ADAM10

+ Not analyzed

ADAM17-dependent BAFFR

processing in dark zone GC B cells

+ Not analyzed

BAFFR-induced NIK-dependent

activation of NF- κ B2

+ +

BAFFR-induced activation of PI3K + (B lymphoma cells) +

BAFFR-induced activation of ERK + (B lymphoma cells) +

Autoimmunity induced by high BAFF

concentrations

Genetic association

with SLE and MS

+
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against BAFF-induced processing of BAFFR by ADAM10 (70):
The mutation seems to compensate its reduced ability to bind
BAFF. This feature may mask in part the impaired differentiation
of P21R+ B cells into IgM secreting plasmablasts and prevent the
development of overt immunodeficiency. Table 1 summarizes
the main differences in the studies of BAFF and BAFFR in
humans and mouse models.

PERSPECTIVES AND CONCLUSIONS

Studying the roles of BAFF and BAFF-receptors in experimental
systems allowed the development of drugs which are now used
to treat autoimmunity. So far, the BAFF-neutralizing monoclonal
antibody belimumab is the only FDA- and EMA-approved
biological drug for the treatment of patients with active refractory
SLE. Application of the anti-BAFF antibody leads to a persistent,
50% improvement in about half of the SLE patients as reflected
by lower anti-dsDNA titers, less corticosteroids, less cutaneous
manifestations and less flares, while its adverse effects are
similar as but less severe than the defects observed in BAFFR-
deficiency and include respiratory, digestive and urinary tract
infections [reviewed in (113)]. However, because of the lack
of matched control groups, the efficacy of belimumab is still
not completely clear. A second anti-BAFF antibody (tabalumab
or LY2127399) has been tested in phase III studies and had
similar effects like belimumab with an increase in complement
activity and a decrease of anti-dsDNA IgG titers and B cell
numbers leading to a mild clinical improvement in about
35% of patients treated in response to high dose treatment
(114). The combination of tabalumab and bortezomib in a
phase II study with multiple myeloma patients did not improve
progression-free survival of the patients indicating that BAFF
plays little or no role in disease progression (115). Similar
to SLE, hyperactivated B cells are also discussed to play an
important pathological role in the Sjögren’s syndrome (116).
Although in a trial study the treatment with the B cell-depleting
anti-CD20 antibody did not lead to any improvement (117),
new clinical trials with a novel BAFFR-specific monoclonal

(ianalumab/VAY736/NOV-5) just have started. Since increased
BAFF levels correlate with the risk of developing multiple
sclerosis (87), new clinical trials withMS patients with tabalumab
are now being performed (118). However, it should be kept
in mind that treatment of MS patients with atacicept resulted
in severe adverse effects, suggesting that in MS the blockade
of BAFF and APRIL removes B cells with regulatory and
immunosuppressive function and spares the pathological cells
(119, 120).

In summary, switched memory B cells can perfectly survive
without receiving BAFFR- or TACI-dependent pro-survival
signals and develop into IgA secreting plasma cells. Different
from B1 B cells and from switched memory B cells, the survival
of transitional, follicular and marginal zone B cells as well as the
differentiation of transitional B cells into follicular and marginal
zone B cells depends essentially on BAFFR-induced survival
signals, which increase the life span of these cells by stabilizing
mitochondria and by enhancing protein synthesis. Since IgA-
secreting plasma cells can develop even in the absence of BAFFR,
BAFFR-deficiency does not become manifest as dramatically as
NIK or NF-κB2 deficiency, which both strongly impair B and
T cell responses. Since BAFFR, TACI and BCMA play different
but critical roles in regulating B cell development and survival,
analysis of coupled signaling pathways, of processing reactions
affecting the half-life of surface BAFFR, TACI and BCMA and
of their protein interaction partners will provide deep insights
into the mechanisms regulating B cell selection, autoimmunity
and aging.
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B cell activating factor of the TNF family (BAFF, also known as BLyS), a cytokine that

regulates homeostasis of peripheral B cells, is elevated in the circulation of patients with

autoimmune diseases such as systemic lupus erythematosus (SLE). BAFF is synthetized

as amembrane-bound protein that can be processed to a soluble form after cleavage at a

furin consensus sequence, a site that in principle can be recognized by any of the several

proteases of the pro-protein convertase family. Belimumab is a human antibody approved

for the treatment of SLE, often cited as specific for the soluble form of BAFF. Here we

show in different experimental systems, including in a monocytic cell line (U937) that

naturally expresses BAFF, that belimumab binds to membrane-bound BAFF with similar

EC50 as the positive control atacicept, which is a decoy receptor for both BAFF and

the related cytokine APRIL (a proliferation inducing ligand). In U937 cells, binding of both

reagents was only detectable in furin-deficient U937 cells, showing that furin is the main

BAFF processing protease in these cells. In CHO cells expressing membrane-bound

BAFF lacking the stalk region, belimumab inhibited the activity of membrane-bound BAFF

less efficiently than atacicept, while in furin-deficient U937 cells, belimumab inhibited

membrane-bound BAFF and residual soluble BAFF as efficiently as atacicept. These

reagents did not activate complement or antibody-dependent cell cytotoxicity upon

binding to membrane-bound BAFF in vitro. In conclusion, our data show that belimumab

can inhibit membrane-bound BAFF, and that BAFF in U937 cells is processed by furin.

Keywords: BAFF, BLyS, furin, protein shedding, complement, antibody-dependent cell death

INTRODUCTION

BAFF and APRIL are important fitness and survival factors for B cells and plasma cells in
the periphery. They exert their function through different receptors: BAFFR (BAFF receptor,
TNFRSF13A) that binds to BAFF only, TACI (transmembrane activator and calcium modulator
and cyclophilin ligand interactor, TNFRSF13B) that binds to BAFF and APRIL, and BCMA (B cell
maturation antigen, TNFRSF17) that also binds to BAFF and APRIL [reviewed in (1)]. BAFFR
transduces BAFF survival signals in transitional and naïve B cells, both of which are greatly
decreased in BAFF-ko and BAFFR-ko mice (2–5). TACI and BCMA are expressed either upon
B cell activation and/or at later stages of B cell differentiation. For example, BCMA is expressed
in plasma cells that can use APRIL and/or BAFF for survival (6). Although BAFF is synthetized
as a membrane-bound protein, it can be processed to a soluble form by cleavage at a furin
consensus-processing site (7, 8). Furin belongs to the substilisin/kexin-like pro-protein convertase
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(PCSK) family of proteases, seven of which (PCSK1-2, furin
and PCSK4-7) have arginines in their recognition sequences,
and most of which are ubiquitously expressed. They are often
redundant for substrate cleavage and they process a vast panel of
targets, among others hormones, enzymes, receptors, cytokines
and extracellular matrix components [reviewed in (9)]. With
regard to BAFF, circulating levels are found elevated in diseases
with involvement of auto-reactive B cells, including systemic
lupus erythematosus (SLE) [reviewed in (10, 11)]. Belimumab,
a human monoclonal IgG1λ anti-BAFF antibody approved by
the FDA, can improve the condition of SLE patients (12, 13).
Belimumab is specific for BAFF, and is more precisely described
as an inhibitor of soluble BAFF (14, 15). Atacicept is another
BAFF inhibitor consisting of the ligand-binding portion of
the receptor TACI fused to a modified Fc portion of human
IgG1 to remove binding to Fc receptors and to complement.
Atacicept is characterized by a broader specificity of inhibition
that includes APRIL and heteromers of BAFF and APRIL (16).
Atacicept is under clinical development, also for the treatment
of SLE (17). Here, we genetically inactivated furin in U937
histiocytic lymphoma cells that naturally express BAFF (18) to
convert these cells form BAFF shedding into membrane-bound
BAFF-expressing cells, indicating that furin itself is the main
BAFF-processing protease in these cells. Membrane-bound BAFF
on furin-deficient U937 was bound and inhibited by belimumab,
suggesting that belimumab targets membrane-bound in addition
to soluble BAFF.

MATERIALS AND METHODS

Proteins and Antibodies
Belimumab (registered trade name Benlysta), denosumab
(registered trade name Xgeva), adalimumab (registered trade
name Humira), and human IgG (intraveinous immunoglobulins;
registered trade name Kiovig) were purchased from the
Pharmacy of Lausanne University Hospital (CHUV). Atacicept
was kindly provided by Henry Hess (Merck KGaA). BCMA-
Fc and Fc-BAFF were produced in CHO cells and affinity
purified on Protein A-Sepharose, essentially as described (19).
When indicated, dimeric BCMA-Fc was used. Dimeric BCMA-
Fc was obtained as a defined peak after size fractionated by
gel filtration on a Superdex 200 Increase 10/30 column (GE
Healthcare) equilibrated in PBS. BCMA-COMP-Flag (20) was
produced by transient transfection of HEK 293T cells with
the polyethyleneimide method (21). 7-day-old conditioned cell
supernatants in serum-free OptiMEM medium were collected
and used directly.

Cell Lines
HEK 293T and histiocytic lymphoma U937 cells were obtained
form late Jürg Tschopp (University of Lausanne). CHO-
S cells were from Thermoscientific (A1155701). CHO-3296
clone 7 expressing uncleavable BAFF (hBAFF 185-136) was

Abbreviations: BAFF, B cell activating factor of the TNF family; APRIL, A

proliferation-inducing ligand; BAFFR, BAFF receptor; TACI, Transmembrane

activator and CAML interactor; BCMA, B cell maturation antigen; SLE, systemic

lupus erythematosus.

obtained by transfection with polyethyleneimide, selection
for 3 passages in 500µg/ml of G418 sulfate (Calbiochem,
345812) and cloning by limiting dilution. Clones were screened
for BAFF expression by staining with atacicept by flow
cytometry (see “Flow cytometry”). U937 cell deficient for
BAFF (U937-3515 clone B9) and U937 cells deficient for
furin (U937-3511 clone D3) were generated by lentiviral
transduction of CRISPR/Cas9-expression vectors with hBAFF
gRNA, respectively hFurin gRNA (Supplementary Table 1).

Annealed oligonucleotides 5
′

- CACCGACTGATAAGACCT

ACGCCAT-3
′

and 5
′

- AAACATGGCCGTAGGTCTTATCAGT-
3
′

(for hBAFF) or 5
′

- CACCGAAGTGCACGGAGTCTCACA
C-3

′

and 5
′

- AAACGTGTGAGACTCCGTGCACTTC-3
′

(for
hFurin) were cloned in the BsmBI restriction site of lentrcrispr
v2 plasmid (Addgene #52961) (22). These plasmids were co-
transfected with co-vectors pCMV-VSV-g (Addgene #8454) and
psPAX2 (Addgene #12260) (Supplementary Table 1) into 293T
cells with polyethyleneimide. The next day, cells were washed
with PBS and cultured for an additional day in RPMI 10% FCS.
Cell supernatants filtered at 0.45µm were supplemented with
8µg/ml polybrene (Sigma, H9268) and 2.5ml were added to 2×
106 pelleted U937 cells that were subsequently cultured overnight
in a 12-well plate, then washed and expanded for 3 days in a
6-well plate in RPMI 10% FCS. Cells were then selected for 3
days in RPMI 10% FCS, 1µg/ml puromycin (EnzoLifeSciences
ALX 380-028). Surviving cells were cloned in RPMI 10% FCS,
in culture plates pre-coated for 5min at 37◦C with 1µg/ml of
poly-lysine (Sigma P6407) in water. Furin-deficient clones and
BAFF-deficient clones were identified by their impairment to
release active soluble BAFF in their supernatants (see “Cytotoxic
assays”). Jurkat JOM2 BAFFR:Fas-2308 cl21 reporter cells were as
described (16, 23, 24). Jurkat cells expressing FcγRIIIa andNFAT-
driven luciferase were provided in the ADCC reporter bioassay
core kit (Promega, G7010) and used as recommended by the
manufacturer.

Biotinylations
Onemilligram of belimumab or 1mg of atacicept in 1ml of 0.1M
Na-borate pH 8.8 were biotinylated for 2 h at room temperature
with 10 µl of EZ-LinkTm sulfo-N-hydroxysuccinimide-LC-
biotin (Pierce, #21335) at 30µg/ml in DMSO. Reaction was
terminated by addition of 30 µl of 1M NH4Cl, and buffer
was exchanged to PBS using a 30 kDa cutoff centrifugal
device.

CFSE Labeling
Carboxyfluorescein-succinimidyl ester (CFSE, Sigma 21888) at
10mM in dimethylsulfoxide was stored at −70◦C until use.
BAFFR:Fas reporter cells (∼107) were labeled by incubation
for 8min at 37◦C in a freshly prepared mixture of PBS, 1%
FCS and 2µM CFSE, or in PBS, 0.1µM CFSE. Reactions were
quenched by the addition of RPMI 10% FCS, cells were harvested,
washed twice with RPMI 10% FCS and used to assay membrane-
bound BAFF (see “Cytotoxic assays with BAFFR:Fas reporter
cells”).
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Cytotoxic Assays With BAFFR:Fas
Reporter Cells
Recombinant Fc-hBAFF was used at the indicated

concentrations, and BAFF in conditioned medium of CHO
or U937 cells (parental or stable clones) was used at the

indicated dilutions of supernatants. Inhibitors, when present,

were used at the indicated concentrations and pre-incubated
for at least 3min with effectors in 50 µl of RPMI 10% FCS.
Unlabeled Jurkat JOM2 BAFFR:Fas-2308 clone 21 reporter cells
(20,000–50,000/well) were added in 50 µl of RPMI 10% FCS
and incubated overnight (∼16 h) at 37◦C, 5% CO2. Cell viability
was then recorded by addition of 20 µl of PMS/MTS (phenazine
methosulfate at 45µg/ml and 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium at 2
mg/ml in PBS) and by monitoring absorbance at 492 nm after
adequate color development (∼2–8 h) (24).

Themeasure ofmembrane-bound BAFF activity onU937 cells
was performed in 96 well plates, in a final volume of 100 µl of
RPMI 10% FCS, at 37◦C and with 5% CO2. 50 µl of effector
cells (U937-3515 clone B9 or U937-3511 clone D3, 105 cells), or
50 µl of soluble effectors (Fc-hBAFF at 100 ng/ml) were mixed
with 20 µl of 5-fold concentrated inhibitors for 6 h, then 30 µl of
CFSE-labeled BAFFR:Fas reporter cells (∼5 × 104) were added

for an additional 11 h. Cells were transferred on ice in 1ml tubes
containing 10 µl of 10µg/ml propidium iodide, and analyzed by
flow cytometry (See “Flow cytometry”).

For the measure of membrane-bound BAFF on CHO-
3296 cl7 cells, experiments were performed in 48 well plates.
Untransfected CHO cells, or CHO-3296 cl7 cells (1.5× 105/well)
were left to adhere for 2 h, after which timemediumwas removed
and replaced by 200 µl of fresh medium. Wells without CHO
cells contained medium only. Hundred µl of inhibitors (at 5-fold
the final desired concentration), 50 µl of Fc-BAFF at 1µg/ml
(or 50 µl of medium in conditions without Fc-BAFF) and 150
µl of CFSE-labeled BAFFR:Fas reporter cells (∼2.5 × 105 cells)
were added and incubated for 11 h. Non adherent cells were
transferred into 4ml tubes, and then pooled with adherent cells
detached with trypsin-EDTA. Cells were spun for 1min at 5,000
rpm (2,400 × g), pellets were suspended in 100 µl of PBS, 5%
FCS and supplemented with 10 µl of 10µg/ml propidium iodide
before analysis (See “Flow cytometry”).

Flow Cytometry
293T cells were co-transfected with hBAFF expression vectors
and an EGFP expression vector as a tracer. Cells were
stained 3 days later with the indicated amounts of atacicept

FIGURE 1 | Belimumab binding to BAFF on transfected 293T cells prevents concomitant binding of BCMA. (A) 293T cells transiently transfected with plasmids

coding for full length BAFF wild type (BAFF full), full length BAFF with mutated furin site (BAFF 1FS), full length BAFF deleted for the stalk region and furin site (BAFF

1stalk) or with empty plasmid (Mock) were stained with the indicated amounts of belimumab or atacicept, or denosumab as control. Mean fluorescence intensity (MFI)

of staining (in the phycoerythrin chanel) was monitored for cells expressing medium levels of co-transfected EGFP (2 × 105 to 6 × 105 fluorescence units). Mean ±

SEM of triplicate measures (note that error bars are smaller than symbols). Experiment performed 5 times (twice in monoplicates, without BAFF 1stalk and

denosumab controls). (B) 293T cells transfected as indicated (transfection distinct from that of panel A) were pre-incubated with buffer (none), atacicept (ata),

belimumab (beli) or denosumab (deno) and then stained with BCMA-COMP-Flag and anti-Flag secondary reagents. Mean fluorescence intensity (MFI) was measured

as in panel A. Mean ± SEM of triplicate measures. Experiment performed 3 times (once in monoplicate, without denosumab control).
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or belimumab in 50 µl of PBS, 5% FCS for 20min on
ice, followed by phycoerythrin-coupled rat anti-human IgG
(Southern Biotech Associate, 2040-09, 1/500). Alternatively,
transfected cells were pre-incubated with 5 µg of atacicept
or belimumab in 25 µl of PBS 5% FCS for 20min on
ice, then stained for 20min, without wash, by addition
of 25 µl of BCMA-COMP-Flag in conditioned OptiMEM
supernatants, followed by biotinylated anti-FLAG (Sigma, F9291,
1/500) and phycoerythrin-coupled streptavidin (eBioSciences,
12-4317-87, 1/500). Data was acquired with an AccuriC6 flow
cytometer (BD Bioscience) and analyzed with the FlowJo
software (TreeStar, Ashland, OR). Mean fluorescence intensity
of atacicept, belimumab or BCMA-COMP-Flag staining was
measured for cells expressing medium levels (2 × 104 to 2 × 105

fluorescence units) of EGFP.
CHO-3296 clone 7 cells were stained with atacicept,

belimumab or denosumab as described for transfected 293T cells,
except that MFI was reported for all live cells. U937 cells (wild
type, furin-deficient or BAFF-deficient) were pre-incubated with
human IVIGs (50 µg in 50 µl of PBS, 5% FCS) for 20min on ice,
washed and stained for 20min on ice with the indicated amount
of biotinylated atacicept or biotinylated belimumab in 50 µl
of PBS 5% FCS followed by phycoerythrin-coupled streptavidin
(1/500).

CFSE-labeled reporter cells (co-cultured with membrane-
bound BAFF-expressing cells, recombinant Fc-BAFF or controls)
were stained with propidium iodide as described (see “Cytotoxic
assays with BAFFR:Fas reporter cells”) and analyzed by flow
cytometry. The proportion of live reporter cells was calculated as
follows: [number of live reporter cells / (number of live reporter
cells + number of dead reporter cells)], where live cells were
CFSE+ PI− cells in the live FCS/SSC gate, and dead cells were all
CFSE+ cells in the dead FCS/SSC gate. This number was divided
by the proportion of live cells in untreated controls to correct for
spontaneous death, and multiplied by 100 to get the percentage
of specific target cell viability.

BAFF ELISA
BAFF in conditioned supernatant of U937 cells was quantified
using the hypersensitive hBAFF ELISA kit (Adipogen, AG-
45B-0001-KI01) according to the manufacturer’s protocol.
Supernatants of BAFF-deficient and furin-deficient cells were
measured in duplicate at a dilution of 1/2, and those of wild type
cells at dilutions of 1/4, 1/40, and 1/400.

Complement Activation Assay
CHO-3296 clone 7 cells or CHO cells (2 × 104/well in 80 µl
of DMEM/F12 (1/1) 2% FCS) were left to adhere overnight in

FIGURE 2 | Belimumab binds and partially inhibits membrane-bound BAFF lacking the stalk region expressed in CHO cells. (A) CHO cells stably expressing

uncleavable BAFF 1stalk were stained with the indicated amounts of atacicept, belimumab or denosumab. Mean fluorescence intensity (MFI) of staining was

monitored. Single measures were performed. Experiment performed 3 times. (B) BAFFR:Fas reporter cells were exposed to titrated amounts of conditioned

supernatants of CHO cells with or without expression of uncleavable BAFF 1stalk, or to recombinant soluble BAFF (Fc-BAFF) added as a positive control. After

overnight incubation, cell viability was monitored with the PMS/MTS test. Mean ± SEM of triplicates. Experiment performed twice. (C) CFSE-labeled BAFFR:Fas

reporter cells were co-cultured with CHO cells expressing uncleavable BAFF in the presence of increasing concentrations of atacicept, belimumab or denosumab. Cell

viability after overnight incubation was measured by flow cytometry. Measures are duplicates (mean ± SEM). Experiment performed twice. (D) Same as panel C,

except that uncleavable BAFF 1stalk cells were replaced by a lethal dose of Fc-BAFF (100 ng/ml). Single measures were performed. Experiment performed twice.

(E) Same as panel C, except that uncleavable BAFF 1stalk cells were replaced by control CHO cells. Single measures were performed. Experiment performed twice.

(F) CFSE-labeled BAFFR:Fas reporter cells were co-cultured overnight with CHO cells and 100 ng/ml of Fc-BAFF, in the presence of inhibitors at the indicated

concentrations. Single measures were performed. Experiment performed twice.
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96-wells culture plates. Fc-containing reagents were then added
in 10 µl of medium, incubated for 10min at room temperature
before addition of 10 µl of untreated or heat-inactivated (30min
at 56◦C) normal human serum (from P.S.) for 2 h at 37◦C. Cell
viability was monitored with PMS/MTS (see “Cytotoxic assays
with BAFFR:Fas reporter cells”).

Antibody-Dependent Cell-Mediated
Cytotoxicity Assay
Antibody-dependent cell-mediated cytotoxicity was measured
using the ADCC core kit (Promega, G7010), according to the
manufacturer’s protocol. CHO-3296 clone 7 cells were used as
targets, adalimumab, atacicept, BCMA-Fc and belimumab at the
indicated concentrations were used as mediators, and Jurkat
cells expressing both human FcγRIIIa V158 and NFAT-induced
luciferase were used as effectors. 25,000 target cells per well were
seeded in 96 wells white plates in 100 µl of DMEM:F12 2% FCS
and left to adhere overnight. Ninety-five microliter of medium
was removed and replaced by 25 µl of RPMI supplemented with
4% of low Ig FCS, 25 µl of the test reagent and 25 µl of freshly
defrosted effector cells. After 6 h of incubation, 75 µl of luciferase
substrate was added and luminescence was monitored 15min
later.

Statistics
Replicate measurements are shown as mean ± SEM. EC50 of
titration curves were determined after normalization of cell
viability using the “non linear regression (curve fit)” followed
by the “log(agonist) vs. normalized response–variable slope”
function of Prism 7 (GraphPad Software).

RESULTS

Belimumab and Atacicept Bind to and
Inhibit BAFF at the Surface of Transfected
293T or CHO Cells
In a FACS-based assay, both atacicept and belimumab stained
293T cells transfected with full length BAFF, but not mock-
transfected cells. BAFF with a mutated furin consensus
sequence (SRNKRAVGP→ SRNKLQGP) (BAFF 1FS) or BAFF
lacking the stalk region linking the transmembrane domain
to the extracellular receptor-binding domain, a deletion that
included the furin consensus sequence (BAFF 1stalk) were also
recognized by atacicept and belimumab, while the unrelated
antibody denosumab stained none of these cells (Figure 1A).
Binding of atacicept or belimumab to membrane-bound BAFF
prevented subsequent binding of recombinant BCMA, one of the

FIGURE 3 | Belimumab binds to membrane-bound BAFF in furin-deficient U937 cells. (A) Wild-type (WT), furin-deficient (furin-ko) and BAFF-deficient (BAFF-ko) U937

cells were stained with the indicated amounts of biotinylated atacicept after saturation of Fc receptors with human IgGs. Mean fluorescence intensity (MFI) of staining

was monitored. Single measures were performed. Experiment performed four times. (B) Same as panel A, except that staining was performed with biotinylated

belimumab. Experiment performed four times. (C) The indicated U937 cells were washed and then put in culture. Human BAFF was quantified by ELISA in

conditioned cell supernatants collected at the indicated time points. LLQ: lower limit of quantification. Double-sided arrows indicate the fold difference between

concentrations of BAFF in supernatants of wild type and furin-deficient U937 cells. Error bars of measures performed in duplicate (mean ± SEM) are smaller than

symbol size. Experiment performed twice. (D) BAFFR:Fas reporter cells were exposed to titrated amounts of the same conditioned supernatants used in panel C.

After an overnight incubation, cell viability was monitored with the PMS/MTS assay. Single measures were performed. Double sided arrows indicate the fold difference

between EC50 of wild type and furin-deficient supernatants. One measure indicated in brackets was excluded for the determination of EC50. Experiment performed

twice in this format, and two more times with a single time point.
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FIGURE 4 | Belimumab inhibits membrane-bound and residual soluble BAFF

in furin-deficient U937 cells. (A,B) CFSE-labeled BAFFR:Fas reporter cells

were exposed to (A) medium or to (B) a lethal dose of Fc-BAFF (50 ng/ml) in

the presence of increasing concentrations of atacicept, belimumab or

denosumab. Cell viability after overnight incubation was measured by flow

cytometry. Mean of triplicates ± SEM. Experiment performed twice. (C,D)

CFSE-labeled BAFFR:Fas reporter cells were co-cultured overnight with (C)

BAFF-deficient (BAFF-ko) or (D) furin-deficient (furin-ko) U937 cells in the

presence of atacicept, belimumab or denosumab at the indicated

concentrations. Mean of triplicates ± SEM. Experiment performed twice. (E)

BAFFR:Fas reporter cells were exposed to undiluted conditioned medium of

the indicated U937 cells that were grown alone, but for the same time (17 h)

and otherwise identical conditions to those of U937 cells used in panels C and

D. Medium and Fc-BAFF at 50 ng/ml in medium pre-incubated alone for 17 h

in the same conditions were used as controls. Viability of reporter cells was

monitored with the PMS/MTS assay. Mean of triplicates ± SEM. Experiment

performed twice.

receptors for BAFF, suggesting that the binding of either atacicept
or belimumab inhibits membrane-bound BAFF (Figure 1B).

In order to measure the activity of membrane-bound BAFF,
we generated a stable clone of CHO cells expressing BAFF1stalk,
i.e., uncleavablemembrane-bound BAFF. These cells stainedwith
both atacicept and belimumab, but not with the control antibody
denosumab (anti-RANKL) (Figure 2A) and did not release
detectable levels of soluble BAFF activity in their supernatants
(Figure 2B). Unlabeled CHO cells expressing uncleavable BAFF

were co-cultured with CFSE-labeled BAFFR:Fas reporter cells.
In reporter cells, the extracellular domain of BAFFR is fused
to the transmembrane and intracellular domains of the death
receptor Fas, so that they are killed upon engagement of
BAFFR, and so that BAFF inhibitors can protect them from
BAFF-mediated killing. CHO cells expressing uncleavable BAFF
readily killed BAFFR:Fas reporter cells, a killing that could
be inhibited in a dose-dependent manner by both atacicept
and belimumab, although atacicept was about 10 times more
efficient than belimumab in this respect (Figure 2C). Reporter
cells also died in response to soluble recombinant BAFF, but
in this case inhibition by atacicept or belimumab was equally
good (Figure 2D). Controls showed that atacicept, belimumab
or untransfected CHO cells had no deleterious effect on reporter
cells (Figure 2E), and that untransfected CHO cells did not
prevent atacicept and belimumab from inhibiting soluble BAFF
(Figure 2F). Taken together, these results show that binding
of atacicept and belimumab to membrane-bound BAFF is
inhibitory.

Processing of Membrane-Bound BAFF to
Active Soluble BAFF Is Mediated by Furin
in U937 Cells
In order to determine the action of atacicept and belimumab on
endogenous BAFF, we used monocytic U937 cells that naturally
produce soluble BAFF (18, 25). Atacicept and belimumab did
not stain wild type and BAFF-deficient U937 cells by flow
cytometry (Figures 3A,B). However, CRISPR/Cas9-mediated
deletion of furin with a construct targeting the active site of the
protease abrogated >98% of the release of both BAFF protein
(Figure 3C) and BAFF activity (Figure 3D) in supernatants
of U937 cells, while increasing cell surface levels of BAFF
that became detectable by staining with both atacicept and
belimumab (Figures 3A,B).

Inhibition of Membrane-Bound BAFF in
U937 Cells by Atacicept and Belimumab
Inhibition of non-mutated membrane-bound BAFF was tested
in furin-deleted U937 cells. Atacicept and belimumab on their
own were not toxic for reporter cells (Figure 4A). On the
contrary, they both protected reporter cells from a lethal
dose of soluble recombinant BAFF at roughly stoichiometric
ratio (Figure 4B). BAFF-deficient U937 cells were harmless
to BAFFR:Fas reporter cells (Figure 4C), but furin-deficient
U937 cells, which express membrane-bound BAFF, efficiently

killed them (Figure 4D). This killing was inhibited in a dose-
dependent manner and with similar efficacy by both atacicept
and belimumab, while the control antibody denosumab did
not protect against membrane-bound BAFF (Figure 4D). An
additional control showed that BAFF released into supernatant
of furin-deficient U937 cells during the 17 h co-culture period
could only kill about 30% of reporter cells (Figure 4E), indicating
that the remaining toxicity of furin-deficient U937 cells on
BAFFR:Fas reporter cells was due to membrane-bound BAFF
(Figure 4D). Taken together, these results indicate that both
endogenous membrane-bound BAFF and residual soluble BAFF
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FIGURE 5 | No detectable effector function of belimumab bound to membrane-bound BAFF. (A) CHO BAFF 1stalk cells or CHO cells were pre-incubated for 30min

with atacicept, belimumab, denosumab, adalimumab, BCMA-Fc or size-fractionated (dimeric) BCMA-Fc at the indicated concentrations, and subsequently exposed

for 2 h to normal human serum that had been heat-inactivated or not. Cells viability was monitored with the PMS/MTS assay. Mean ± SEM of duplicates. Experiment

performed twice (but only once for the condition of dimeric BCMA-Fc). (B) CHO BAFF 1stalk cells were pre-incubated with atacicept, belimumab, BCMA-Fc, or

adalimumab at the indicated concentrations, after which time surrogate effector cells of antibody-dependent cellular-mediated cytotoxicity were added. NFAT-driven

luciferase expression is induced when opsonized IgG-containing molecules engage FcγRIIIa expressed in these reporter cells. Specific signal in relative luminescence

units (RLU) was obtained after subtraction of background of unstimulated cells (∼105 RLU). Mean ± SEM of triplicate measures. Experiment performed twice.

in U937 cells are bound and inhibited by atacicept and
belimumab.

Opsonized Atacicept and Belimumab Do
Not Induce Complement or Cell-Mediated
Toxicity
IgGs that are opsonized on a cell surface activate complement
or antibody-dependent cell-mediated cytotoxicity via their
fragment crystallisable (Fc) regions. Atacicept was used as a

negative control because its mutated Fc region activates neither
of these pathways. Neither atacicept nor belimumab activated
complement when bound to CHO cells expressing uncleavable

BAFF (Figure 5A). In contrast, BCMA-Fc, a BAFF-binding decoy
receptor with a wild type human IgG1 Fc portion, decreased
viability of target cells in the presence of normal human serum,

but not in de-complemented serum and not in CHO cells
expressing no BAFF (Figure 5A). Adalimumab, an anti-TNF
antibody with reported ability to activate complement (26)
had no activity in the absence of its target (Figure 5A). It is
noteworthy that a purely dimeric preparation of BCMA-Fc,
obtained after gel filtration, displayed the same activity as “crude”
BCMA-Fc (Figure 5A).

Antibody-dependent cell-mediated cytotoxicity was
monitored in a surrogate assay in which the activation of
Fcγ receptor IIIa over-expressed in Jurkat T cells drives NFAT
(nuclear factor of activated T cells)-dependent expression of
luciferase. Neither atacicept nor belimumab activated reporter
cells when bound to membrane-bound BAFF on CHO cells,
while the positive control BCMA-Fc did (Figure 5B). We
conclude from these data that atacicept and belimumab inhibit
their target cytokine(s) in soluble or membrane-bound forms,
but do not kill BAFF-expressing cells, at least in vitro.

DISCUSSION

It was previously reported that belimumab inhibits BAFF, but
not APRIL. In addition, belimumab does not inhibit any of
the BAFF-APRIL heteromers, while atacicept inhibits BAFF,
APRIL and heteromers thereof (16). Another difference is that
soluble BAFF can exist as 3-mers, or can assemble as 60-
mers (27). Belimumab cannot inhibit BAFF 60-mers unless they
first dissociate into 3-mers, whereas atacicept and another anti-
BAFF antibody, tabalumab, can inhibit BAFF 60-mers (28–30).
Belimumab is often described in the literature as an inhibitor
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of soluble BAFF. This conclusion probably finds its origin into
the original description of the antibody, where belimumab could
not stain IFNγ-stimulated human monocytes by flow cytometry,
while another antibody called 12D6 could (14). This was later
interpreted as “ [. . . ], belimumab specifically recognizes the
soluble, biologically active form of BLyS” (31). Our present
results question this conclusion and re-enforce previous results
obtained with over-expressed BAFF in CHO cells showing
that belimumab can inhibit membrane-bound BAFF (28). The
monoclonal antibodies 12D6, 2E5, and 9B6 can all stain human
monocytes (7, 14, 18). It would be interesting to monitor their
binding to wild type, furin-deficient and BAFF-deficient U937
cells side by side with belimumab to determine if they are
really better binders of membrane-bound BAFF, or whether there
might be other causes for their binding to monocytes.

It has long been recognized that BAFF is processed at a furin
consensus site (7, 8). Here we provide the first indication that in
U937 cells, BAFF is cleaved by furin, with no or little contribution
of other members of the pro-protein convertase subtilisin/kexin
family. However, we did not investigate whether this is also true
for other cell lines or primary cells. Like Baff -ko mice, mice
with non-cleavable BAFF have few mature B cells, indicating that
membrane-bound BAFF, unlike soluble BAFF, does not support
naïve B cells (32). But when follicular B cells were restored
by administration of recombinant soluble BAFF 3-mer, full
maturation of B cells, measured by CD23 expression, required
membrane-bound BAFF (32). In mice with non-cleavable BAFF,
membrane-bound BAFF co-localized with medullary fibroblastic
reticular cells in lymph nodes. These cells make more direct
contacts with plasma cells than any other cell type, and they
can support survival of plasma cells in vitro, alone or together
with macrophages, while other lymph node cell types cannot
(33). This suggests that membrane-bound BAFF may be more
important for plasma cells than for naïve B cells, possibly through
activation of the receptors TACI and BCMA, and that inhibition
of membrane-bound BAFF might be relevant to the mechanism
of action of belimumab in SLE patients.

In this study, we have observed that belimumab binds
normally to BAFF 1stalk overexpressed in CHO cells but was
less efficient than atacicept to inhibit it. This was however not
the case in furin-deficient U937 cells in which both atacicept
and belimumab similarly inhibited full-length membrane-bound
BAFF (and residual soluble BAFF). Thus, BAFF binding and
BAFF inhibitory activities did not correlate well only for the pair
of belimumab - BAFF 1stalk, but not for the pairs belimumab—
full length BAFF, atacicept—BAFF 1stalk or atacicept—full-
length BAFF. How can these results be reconciled in a molecular
model? We have previously observed that atacicept binds and
inhibits BAFF even when it is densely packed as 60-mers (30).
It is therefore not surprising that atacicept can bind and inhibit
membrane-bound BAFF irrespective of the length of the stalk
region, as observed experimentally. We have also observed that,
in contrast to intact belimumab, Fab fragments of belimumab
did not or only very poorly inhibit the activity of BAFF 3-mers,
probably because monovalent Fab can be displaced from BAFF
by BAFFR (30). This would support a hypothetic model in which
the first monovalent binding of belimumab to membrane-bound
BAFF would allow cell staining by flow cytometry but would

FIGURE 6 | Hypothetical model for the binding of belimumab and atacicept to

membrane-bound BAFF. The 66 amino acids-long stalk of BAFF contains the

furin cleavage site and, if linear and extended, could have three times the

height of the globular TNF homology domain. In contrast, the engineered

stalk-less BAFF is much closer to the membrane. Atacicept binds BAFF from

the side opposite to the membrane and has free access regardless of the

length of the stalk. Belimumab is not only bulkier but also binds more on the

side of BAFF along the entire height of the TNF homology domain. The first

binding of belimumab to membrane-bound BAFF is probably always easy, but

insufficient to inhibit the biological activity of BAFF. Inhibition only takes place

upon binding of the second arm of the antibody to membrane-bound BAFF.

Movements of the antibody to reach its second binding site might be

compromised for steric hindrance reasons if BAFF is located too close to the

cell membrane in BAFF 1stalk.

be poorly inhibitory. Membrane-bound BAFF would only be
inhibited upon binding of the second arm of the antibody
that increases binding avidity, preventing efficient displacement
by BAFFR. The molecular “gymnastic” that belimumab must
accomplish to reach its second binding site on membrane-bound
BAFF might be partially impaired for steric hindrance reasons in
the specific case of BAFF 1stalk that is positioned very close to
the cell membrane (Figure 6).

Interestingly, we find that belimumab does not activate
complement and Fc receptors in vitro. If this holds true in
vivo, belimumab should not act by depleting cells expressing
membrane-BAFF, in line with the current view of the mechanism
of action of belimumab.

Belimumab was the first targeted treatment, approved in 2011,
for the treatment of SLE, but its clinical efficacy is limited and
not all patients benefit from treatment; this also holds true for
other BAFF-blocking agents that have been tested in clinical
trials (34). Loss of tolerance and development of auto-immunity
is multifactorial, and SLE likely encompasses a spectrum of
conditions with distinct etiologies that may be more or less
dependent on BAFF (35, 36). This diversity is also reflected
in the various spontaneous or induced mouse models of the
disease (37). Different forms of BAFF and APRIL may trigger
BAFFR, TACI, and BCMA in distinct manners with effects that
could both promote (e.g., stimulation of auto-reactive B cells) or
counteract (e.g., stimulation of regulatory B cells) development
of symptoms. Indeed, in a mouse model of lupus, intricate
positive or negative actions of the different receptors on disease
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severity have been described (38). In this context, it might not be
superfluous to know the fine specificity of belimumab and other
BAFF inhibitors.
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Proapoptotic BiM impacts  
B lymphoid homeostasis by limiting 
the survival of Mature B cells in a 
cell-autonomous Manner
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and Jörg Heierhorst1,2*
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Walter and Eliza Hall Institute of Medical Research, Parkville, VIC, Australia, 4 Department of Medical Biology, The University 
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The proapoptotic BH3-only protein BIM (Bcl2l11) plays key roles in the maintenance 
of multiple hematopoietic cell types. In mice, germline knockout or conditional pan-he-
matopoietic deletion of Bim results in marked splenomegaly and significantly increased 
numbers of B cells. However, it has remained unclear whether these abnormalities reflect 
the loss of cell-intrinsic functions of BIM within the B lymphoid lineage and, if so, which 
stages in the lifecycle of B cells are most impacted by the loss of BIM. Here, we show 
that B lymphoid-specific conditional deletion of Bim during early development (i.e., in 
pro-B cells using Mb1-Cre) or during the final differentiation steps (i.e., in transitional 
B cells using Cd23-Cre) led to a similar >2-fold expansion of the mature follicular B cell 
pool. Notably, while the expansion of mature B cells was quantitatively similar in condi-
tional and germline Bim-deficient mice, the splenomegaly was significantly attenuated 
after B lymphoid-specific compared to global Bim deletion. In vitro, conditional loss of Bim 
substantially increased the survival of mature B cells that were refractory to activation by 
lipopolysaccharide. Finally, we also found that conditional deletion of just one Bim allele 
by Mb1-Cre dramatically accelerated the development of Myc-driven B cell lymphoma, 
in a manner that was comparable to the effect of germline Bim heterozygosity. These 
data indicate that, under physiological conditions, BIM regulates B  cell homeostasis 
predominantly by limiting the life span of non-activated mature B cells, and that it can 
have additional effects on developing B cells under pathological conditions.

Keywords: apoptosis, cell death, Bcl-2 family, BiM, Bh3-only protein, B lymphocytes, B cell lymphoma

inTrODUcTiOn

Members of the BCL-2 family of proteins play crucial roles in the regulation of the mitochondrial 
apoptotic cell death pathway (1). The BH3-only protein BIM, a proapoptotic member of this family, is 
particularly critical for regulating cell death/survival in the hematopoietic system. Germline knock-
out (KO) of Bim causes an increase in the number of cells in several hematopoietic subsets, including 
B cells, T cells, monocytes, and granulocytes, with a marked splenomegaly (2). In these mice, mature 
B cells are approximately doubled in number compared to wild-type (WT) controls. Upon in vivo 
antigen stimulation, B cells can differentiate into antibody-secreting plasma cells, which are also 
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greatly increased in number in Bim KO mice (2). This increase 
in plasma cells combined with defects in negative selection of 
autoreactive B cells (3) is thought to lead to the development of a 
severe auto-antibody-driven systemic lupus erythematosus-like 
autoimmune pathology with immune-complex glomerulone-
phritis on a mixed 129SV/JxC57BL/6 genetic background (2). 
These symptoms of autoimmunity, however, are significantly 
moderated on a C57BL/6 background (4). Bim KO mice on an 
inbred C57BL/6 background show an abnormally increased 
proportion of low-affinity B  cell receptor (BCR)/surface-IgM 
expressing B cells in the germinal center, and they accumulate 
low-affinity memory B cells (5). Both of these cell populations 
would normally be eliminated by apoptotic cell death during 
selection for B  cells with improved affinity for antigen arising 
from somatic mutation of their IgV genes (5). Conversely, loss of 
BIM specifically increases the survival of autoreactive immature 
B cells in the bone marrow, which demonstrated that BIM plays a 
key role in apoptosis activation by autoreactive BCRs during this 
developmental stage (3).

BIM expression levels increase progressively during B  cell 
development (pre-pro-B < pro-B/pre-B < immature B < mature 
B) (6, 7), which may explain why loss of Bim has such profound 
effects on immature and mature B cell populations. However, loss 
of Bim can also increase cell numbers at earlier stages of B cell 
development under pathological conditions, for example, by 
supporting the survival (but not proliferation and differentiation) 
of developing B cells in the absence of IL-7 or the IL-7 receptor 
in vivo and in vitro (6, 8). In addition to BIM, other BH3-only 
proteins such as BMF and PUMA are expressed in B lymphoid 
cells, and their loss can also lead to increased B cell numbers (7) 
or synergistically increase B cell numbers in combination with 
the Bim KO (9), highlighting functional redundancies among the 
proapoptotic proteins.

The B lymphoid expansion resulting from the germline Bim 
KO is transplantable and affects both the follicular and mar-
ginal zone compartment (8). In addition, a floxed Bim allele has 
recently been generated, and its conditional deletion through-
out the hematopoietic system using Vav-Cre recapitulates key 
features of the germline Bim KO phenotype, including increased 
white blood cell numbers and splenomegaly (10). Collectively, 
these findings indicate that the B cell-related features of the Bim 
KO phenotype emanate from an impact that is intrinsic to the 
hematopoietic cell lineage. However, whether these effects on 
B  cell homeostasis are solely due to the loss of a function of 
BIM specifically within the B lymphoid cell lineage, or whether 
they may be in part due to an indirect, reactive consequence 
of losing BIM-dependent apoptosis in another hematopoietic 
cell type remains unresolved. In addition, if the alterations 
observed are due to the loss of B  cell-intrinsic functions of 
BIM, it remains to be resolved to what extent they are caused 
by increased B  cell production during their development in 
the bone marrow, or prolonged survival of mature B  cells in 
the periphery. The relevance of these issues has recently been 
highlighted by the finding that conditional deletion of Bim in 
myeloid cells (using LysM-Cre) can in fact lead to increased 
splenic B  cell numbers and immune-complex glomerulone-
phritis similar to that observed in germline Bim KO mice (11). 

Thus, to investigate whether BIM regulates B cell homeostasis 
in a cell-intrinsic manner and to resolve the stage(s) of B cell 
development at which BIM may exert its most critical func-
tions, we have here employed two different B lymphoid-specific 
CRE recombinase mouse strains for the conditional deletion 
of Bim: Mb1-Cre for deletion during the early developmental 
pro-B  cell stage in the bone marrow (12), and Cd23-Cre for 
deletion at the nearly fully matured transitional B cell stages in 
peripheral lymphoid tissues (13).

MaTerials anD MeThODs

Mice
Animal experiments were performed according to the Australian 
Code for the Care and Use of Animals for Scientific Purposes, 
8th Edition (2013), and approved by the St. Vincent’s Hospital 
Melbourne Animal Ethics Committee, approval numbers 019/13 
and 002/17.

Mb1-Cre (12), Cd23-Cre (13), Eμ-Myc (14), and Bim-floxed 
(10) mice had been generated, or backcrossed for at least 10 gen-
erations, on a C57BL6 background, and were housed in specific 
pathogen-free micro-isolators. All mice for bone marrow and 
splenic cell analyses were used at 8 weeks ± 3 days of age, and not 
selected on gender. Ethical endpoints for tumor-prone mice in 
survival analyses were determined by trained animal technicians 
who were blinded to the genotypes of individual mice.

immunoblots and genotyping
Western blotting was performed as described (15) using 
antibodies against BIM (Cell Signaling Technology, C34C5) 
and β-actin (EMD Millipore/Merck, MAB1501) as a load-
ing control. DNA from toe biopsies was genotyped using 
primers 5'-AAGAATCTAGGTTGACTCTAG-3' and 
5'-AACCAACTGTACCTTGGCTATA-3' resulting in PCR prod-
ucts of ~1 kbp for the Bim floxed, ~0.8 kbp for the WT, and ~0.3 kbp 
for the Bim-deleted alleles. In addition, biopsies were genotyped 
with Bim KO primers (5'-AAGAATCTAGGTTGACTCTAG-3', 
5'-CATTGCACTGAGATAGTGGTTGA-3', and 
5'-CCCGTTGCACCACAGATGAA-3'; WT ~0.5  kbp, KO 
~0.6 kbp) to exclude mice containing germline Bim null alleles as 
a result of ectopic CRE recombinase activity.

cell Preparations
Hind limbs were dissected and skin, muscle, and soft tissues were 
removed carefully. Both ends of the femur and tibia were cut and 
the bone marrow was flushed out with 1 mL of ice-cold MACS 
buffer (1× PBS, pH 7.2, 0.5% BSA, and 2 mM EDTA) using a 21 G 
needle. Bone marrow cell suspensions from femur and tibia were 
combined and mixed thoroughly.

Freshly dissected mouse spleens were weighed and gently 
homogenized in 2 mL cold MACS buffer on ice. Cell suspensions 
were passed sequentially through 70 and 40-µm cell strainers to 
remove debris, followed by washes of tubes and strainers with 
4 mL MACS buffer to recover remaining cells.

B-1a cells were isolated by peritoneal lavage using 26 and 23 G 
needles with PBS containing 2% fetal bovine serum (FBS).
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Total bone marrow, spleen, and peritoneal cavity leukocyte 
counts were determined using an automated KX-21N cell coun-
ter (Sysmex). Bone marrow cellularities indicated in the figures 
include tibias and femurs of two legs.

Flow cytometry
The following reagents were used for cell staining: B220-APC (eBio-
science™, 17-0452-83), B220-FITC (Biolegend, 103206), BP1-PE 
(BD, 553735), CD11b-pacific blue (eBioscience™, 48-0112-82), 
CD8-APC (eBioscience™, 17-0081-82), CD4-PE(eBioscience™, 
12-0041-83), CD5-FITC (BD, 553021), CD11b-APC-Cy7 (BD, 
557657), CD19-APC eFluor780 (eBioscience™, 47-0193-82), 
CD19-PerCP-Cy5.5 (eBioscience™, 45-0193-82), CD21-PE 
(Biolegend, 123410), CD23-biotin (BD, 553137), CD24-FITC 
(BD, 561777), CD43-biotin (BD, 553269), CD43-PE (BD, 553271), 
GR1-biotin (eBioscience, 13-5931-85), IgD-eFluor450 (eBiosci-
ence™, 48-5993-82), IgM-PE-Cy7 (BD, 552867), Brilliant Violet 
605™ Streptavidin (Biolegend, 405229), and propidium iodide 
(Sigma, P4864-10ML). Our gating strategies for staining of bone 
marrow B lymphoid fractions according to Hardy et al. (16), total 
and mature splenic B cell numbers, and peritoneal cavity B-1a 
cell analyses were recently described (15, 17). Hardy fractions 
were gated as follows: A, B220+ CD43+ CD24low BP1−; B, B220+ 
CD43+ CD24high BP1−; C, B220+ CD43+ CD24low BP1+; C’, B220+ 
CD43+ CD24high BP1+; D, B220+ CD43− IgM− IgD−; E (immature 
B  cells), B220+, CD43-, IgM+, IgD−; F (recirculating B  cells), 
B220+, CD43−, IgD+. T1 transitional B cells were gated as B220+, 
IgMhigh, IgDlow; T2 transitional B cells as B220+, IgMhigh, IgDhigh; 
and mature B cells as B220+, IgMlow, IgDhigh. Hardy fractions A–D 
correspond to the Basel classification (18–20) as follows: Hardy 
A is equivalent to pre-pro-B cells (B220+ CD43+ CD19−); Hardy 
B/C represent pro-B/pre-B I cells (B220+ CD43+ CD19+ c-kit+ 
CD25− SL+); Hardy C’ corresponds to large pre-B II cells (B220+ 
CD43− CD19+ c-kit− CD25+ SL+); and Hardy D corresponds to 
small pre-B II cells (B220+ CD43− CD19+ c-kit− CD25+ SL−). For 
follicular and marginal zone B cell proportions, splenic cells were 
first gated on live B220+ CD19+ lymphocytes, followed by gating 
on CD21/35 and CD23 (follicular B cells: CD21/35lo CD23+; mar-
ginal zone B cells: CD21/35hiCD23−). FACS data were analyzed 
using FlowJo 10.3 software (Tree Star).

B cell cultures and cellTrace Violet 
staining
B cells were isolated from single-cell splenocyte suspensions 
using B  cell isolation kits (Miltenyi Biotec, 130090862) and 
MACS Separation LS columns (Miltenyi Biotec, 130042401) 
following the manufacturer’s instructions. 10 million isolated 
B cells were incubated with CellTrace™ Violet (CTV; Thermo 
Fisher Scientific, C34557) at 1:1,000 dilution at 37°C in the dark 
for 20 min, centrifuged at 300 × g for 10 min, and the cell pellet 
was washed once with 10  mL of MACS buffer. CTV-stained 
B cells were cultured in the B cell culture media (RPMI 1640 
supplemented with 5% (v/v) FBS, 50 µM β-mercaptoethanol, 
100 U/mL Penicillin G and 100 µg/mL streptomycin sulfate) at 
a seeding density of 1 million cells/mL. Cells were stimulated 
with 15 µg/mL lipopolysaccharide (LPS; Jomar Life Research, 

tlrl-3pelps) or with 1/1,000 recombinant CD40L plus 1/100 
conditioned mouse IL4 supernatant for 96 h, and applied to 
flow cytometry analysis (BD LSRFortessa). Division and pro-
liferation indices were determined using the cell proliferation 
module of FlowJo 10.3.

statistical analysis
Data from independent experimental replicates were analyzed 
using GraphPad Prism software. The numbers of independent 
samples are indicated in the figures and tables. Error bars indicate 
the mean ± SEM. p Values were calculated using the two-tailed 
unpaired Student’s t-test. The Mantel–Cox test was used for 
survival analyses.

resUlTs

conditional loss of BiM During early 
stages of B lymphopoiesis leads to 
increased B cell numbers
To analyze cell-intrinsic effects of the loss of BIM on the 
B cell lineage, we crossed mice containing floxed Bim alleles 
(10) with mice containing the Mb1-Cre knock-in allele (12). 
Within the B lymphoid lineage, Mb1-Cre is active from the 
early pro-B  cell stage (12), coinciding with the initiation 
of Igh gene locus rearrangement by V(D)J recombination. 
However, Mb1-Cre can have spurious ectopic activity in the 
germline (21), especially when transmitted via male breeders. 
During genotyping, we noticed unusually high frequencies 
(compared to our experience with other floxed loci, such as 
Asciz, Dynll1, tp53) of ectopic recombination of the floxed Bim 
allele, even in the female germline. Germline heterozygosity 
for Bim can result in some haplo-insufficiency phenotypes, 
such as reduced life span (2), pronounced acceleration of B cell 
lymphoma development in Eμ-Myc mice (22), and protection 
from polycystic kidney disease in the absence of Bcl2 (23). We 
therefore only used bona fide Mb1-Creki/+Bimfl/fl mice for the 
analyses described here and excluded mice containing inad-
vertently rearranged germline Bim-deleted alleles to avoid any 
indirect effects from Bim heterozygosity in other cell types on 
the B lymphoid lineage.

Mb1-Cre Bim-deleted mice contained ~2-fold more total 
B cells in the spleen than matched Mb1-Cre Bim+/+ control mice 
(p  <  0.0001), and this was particularly pronounced among 
mature B  cells, with a much smaller effect on transitional 
B  cells (Figure  1A). In contrast, the numbers of innate-like 
B-1a cells in the peritoneal cavity [which emanate from dis-
tinctive fetal stem cells, as opposed to ongoing hematopoiesis 
for conventional B cells (24)] were not increased in Mb1-Cre 
Bim-deleted mice (Figure  1B). Efficient B  cell-specific Bim 
deletion and loss of all the three BIM protein isoforms [which 
result from alternative splicing of the Bim pre-mRNA (25)] 
was confirmed by PCR genotyping and immunoblot analyses 
(Figures 1C,D).

This expansion of the mature B cell pool was also reflected in 
an ~4-fold increase in recirculating B cells in the bone marrow 
of Mb1-Cre Bim-deleted mice (Hardy fraction F; Figures 1E,F). 
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FigUre 1 | B cell numbers in Mb1-Cre Bim-deleted mice. (a) Splenic cell numbers. Genotypes of groups are indicated above. Numbers below each group indicate 
the mean. Numbers for T1 and T2 transitional B cell stages are combined. (B) Numbers of B-1a cells in the peritoneal cavity. (c) PCR genotyping of genomic DNA 
isolated from tails or purified B cells of mice of the indicated genotypes. (D) Western blot analysis of purified B cells from mice of the indicated genotypes probed 
with an anti-BIM antibody and actin as a loading control. (e) Cell numbers for different developmental stages using the Hardy nomenclature (16). (F) Representative 
FACS plots for bone marrow B cell fractions D (small pre-B), E (immature B cells), and F (recirculating mature B cells).
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Conditional Bim deletion also led to other significant changes 
in cellularity during distinct stages of B  cell development in 
the bone marrow. This included a near-doubling of cells in the 
pro-B  cell stage (when Mb1-Cre first becomes active; Hardy 
fraction B) that was carried over into the subsequent early 
pre-B cell stage (fraction C, when Igh V(D)J recombination is 
completed), and a <2-fold expansion of small pre-B cells (Hardy 
fraction D, during which Igl loci undergo VJ recombination) 
(Figure  1E). However, Mb1-Cre Bim-deleted mice contained 
normal numbers of cycling pre-B cells (Hardy fraction C’), the 

stage when cells expressing a successfully rearranged pre-BCR 
undergo ~5 cycles of clonal expansion. Surprisingly, Mb1-Cre 
Bim-deleted mice also contained normal numbers of immature 
B cells (Hardy fraction E), the stage when cells expressing self-
reactive BCRs are eliminated by a mechanism that involves 
BIM-dependent apoptosis (3).

Collectively, these data indicate that loss of BIM can affect 
several stages of B cell development in a lineage-intrinsic man-
ner, and that this is balanced by compensatory changes at other 
developmental stages.
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FigUre 2 | B cell numbers in Cd23-Cre Bim-deleted mice. (a) Splenic B cell 
numbers of Cd23-Cre control and Cd23-Cre Bim-deleted mice. Values for 
similar analyses of Mb1-Cre Bim-deleted mice from Figure 1 are indicated in 
gray for comparison. Differences between Cd23-Cre Bimfl/fl and Mb1-Cre 
Bimfl/fl mice are not statistically significant. (B) Cell numbers for different bone 
marrow B cell developmental stages. (c) Representative FACS plots of 
B220+ IgM+-gated spleen cells stained for follicular B cells and marginal zone 
B cells are indicated. Numbers in the plots indicate the mean ± SE (control, 
n = 5; Cd23-Cre Bimfl/fl, n = 3; Mb1-Cre Bimfl/fl, n = 3), and p values 
compared to control mice are indicated below.
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conditional Bim Deletion During the 
Transitional stages of B cell Development 
leads to cell-intrinsic expansion of the 
Mature Follicular B cell Pool
The finding that the numbers of immature B  cells (Hardy 
fraction E), which represent the final stage of B lymphoid 
development in the bone marrow, were not abnormally 
increased in Mb1-Cre Bim-deleted mice (Figure 1E) suggested 
that the expansion of the peripheral B cell pools in these mice 
may be due to an increased life span of mature B cells, rather 
than increased cell production during development. To test 
this hypothesis, we intercrossed mice containing floxed Bim 
alleles with mice containing a Cd23-Cre transgene. Cd23-Cre 
becomes active in transitional B cells after they have left the 
bone marrow, and recombination of floxed genes is only 
complete at the mature B  cell stage in peripheral lymphoid 
organs (13). Cd23-Cre did not display ectopic germline activity 
toward the floxed Bim allele.

Consistent with our hypothesis, Cd23-Cre-mediated dele-
tion of Bim led to a significant expansion of total and mature 
B cell numbers in the spleen and in the circulation compared 
to Cd23-Cre Bim+/+ control mice (Figure  2A; Table  1). The 
increase in the numbers of mature B  cells in Cd23-Cre Bim-
deleted mice was comparable to the splenic B  cell expansion 
in Mb1-Cre Bim-deleted mice (Figure  2A; note that the dif-
ferences between Mb1-Cre Bimfl/fl and Cd23 Bimfl/fl mice were 
statistically not significant). Further analyses indicated that the 
expansion of the mature splenic B cell pool was restricted to the 
CD23-positive follicular B cell compartment, with no increase 
in the marginal zone B  cells (Figure  2C, middle panel). To 
determine if this specificity for follicular cells was simply due 
to lower Cd23-Cre activity in the marginal zone B cells (which 
express only very low levels of CD23), we repeated similar 
analyses using Mb1-Cre Bim-deleted mice. Interestingly, loss of 
Bim during early B cell development, before the divergence of 
follicular and marginal zone cells, again led to a specific expan-
sion of the follicular B cell compartment but not of marginal 
zone B  cells (Figure  2C, right panel). These results indicate 
that marginal zone B cells are largely indifferent to the loss of 
Bim, which is consistent with the notion that they have a much 
longer life span than follicular B cells (26).

We also enumerated B lymphoid cells in the bone marrow of 
Cd23-Cre Bim-deleted mice. In line with the expansion of the 
mature B cell pool in the spleen (Figure 2A) and circulation 
(Table 1), the numbers of recirculating mature B cells (Hardy 
fraction F) were significantly increased in Cd23-Cre Bimfl/

fl mice compared to control animals, similar to the Mb1-Cre 
Bimfl/fl mice. Surprisingly, we also found a significant increase 
of pro-B  cells (Hardy fraction B) in Cd23-Cre Bim-deleted 
mice (Figure  2B). As Cd23-Cre is not active at this early 
developmental stage, this finding indicates that this pro-B cell 
expansion may be a secondary consequence of the increased 
mature B  cell pool, possibly due to altered cytokine profiles. 
This indirect expansion of pro-B cells in Cd23-Cre Bim-deleted 
mice, therefore, implies that the quantitatively similar increase 
of pro-B cells in Mb1-Cre Bim-deleted mice may also be due 

to cell-extrinsic effects. In addition to the effects on the B 
lymphoid compartment, Cd23 Bim-deleted mice also exhibited 
a modest ~50% increase of splenic CD8+ T  cells, but other 
cell types in the circulation and spleen were not significantly 
changed compared to controls (Tables 1 and 2).
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FigUre 3 | In vitro activation of purified B cells. (a) Representative FACS plots and CTV-dilution profiles of B cells purified from Cd23-Cre control and Cd23-Cre 
Bimfl/fl mice after 4 days of treatment with 15 µg/mL lipopolysaccharide (LPS). (B) Gating strategies to distinguish small non-responding B lymphocytes from large 
activated B lymphoblasts, and separated CTV dilution profiles for each fraction. (c) Quantification of the cell division index for the entire LPS-treated cultures. (D) 
Quantification of the cell proliferation index (division index excluding cells with undiluted CTV) of LPS-treated cultures. (e,F) Cell division and proliferation indices of 
similar CD40L + IL4-treated B cell cultures.

TaBle 2 | Splenic cell numbers.

control  
(cells × 106)

Cd23-Cre Bimfl/fl 
(cells × 10−6)

significance

spleen
B cells 82.21 ± 3.3.546 117.17 ± 14.28 p = 0.0327
CD4+CD8− T cells 31.17 ± 2.20 35.93 ± 3.34
CD8+CD4− T cells 16.50 ± 1.06 23.45 ± 2.01 p = 0.0141
CD4+CD8+ T cells 0.655 ± 0.207 1.206 ± 0.205
Granulocytes 6.885 ± 0.846 4.625 ± 1.075
Monocytes 6.473 ± 0.42 5.140 ± 0.514

Controls are Cd23-CreT/+ Bim+/+ mice; n = 4.

TaBle 1 | Blood cell numbers.

control 
(cells × 106/ml)

Cd23-Cre Bimflfl 
(cells × 106/ml)

significance

Blood
White blood cells 12.53 ± 0.93 20.43 ± 3.05 p = 0.0477
B cells 5.270 ± 0.32 12.28 ± 2.51 p = 0.0324
CD4+CD8− T cells 1.628 ± 0.403 2.336 ± 0.306
CD8+CD4− T cells 1.592 ± 0.292 2.049 ± 0.181
CD4+CD8+ T cells 0.069 ± 0.042 0.166 ± 0.147
Granulocytes 1.868 ± 0.505 1.414 ± 0.537
Monocytes 1.425 ± 0.227 1.496 ± 0.183
Red blood cells 8,400 ± 120 8,977 ± 305
Platelets 950 ± 193 1,157 ± 79

n = 4.
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loss of Bim Prevents the elimination of 
activation-resistant Mature B cells 
In Vitro
To assess how loss of Bim may lead to increased numbers of 
mature B cells, we performed in vitro B cell activation experi-
ments using LPS and measured proliferation by dilution of 
CellTrace Violet (CTV). LPS induces a bi-phasic response in 
mature resting B cells. During the first phase, small B lympho-
cytes are activated to escape from their G0 state by increasing 
their cell mass, and in the second phase these much larger 
lymphoblasts enter multiple rounds of cell division (27). It has 
previously been proposed that LPS activation of B cells leads to 
the inactivation of BIM as a result of multisite phosphorylation 
by ERK and subsequent ubiquitin-dependent proteasomal 
degradation (28). Interestingly, LPS-treated Cd23-Cre Bim-
deleted B  cells produced a similar number of dividing cells 
and a similar CTV dilution profile compared to Cd23-Cre 
control B cells (Figure 3A). However, whereas the small, non-
blasting and undivided lymphocytes were almost completely 
lost from the cultures of control B  cells after 4  days of LPS 
treatment, a substantial number of these resting cells survived 
in the cultures of Cd23-Cre Bim-deleted B cells (Figure 3B). 
Analysis of the CTV dilution assays, using the proliferation 
platform of the FlowJo software package, indicated that rela-
tive to the numbers of remaining undivided cells, there was 
a ~4-fold reduction in the average number of divisions per 
cell in the cultures of Bim-deleted B  cells compared to the 
Cd23-Cre control B cells (Division index, Figure 3C). This dif-
ference was reduced to ~0.2-fold fewer divisions when only the 
activated cells that had divided at least once were taken into 
consideration (Proliferation index, Figure 3D). Qualitatively 

Collectively, these results from the analysis of the Cd23-Cre-
mediated Bim deletion mice indicate that loss of Bim within 
mature B cells is sufficient to increase peripheral B cell numbers 
in a cell-intrinsic manner, and that this can cause a secondary 
increase in pro-B cells and CD8+ T cells.
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FigUre 4 | Effect of conditional heterozygous Bim deletion on B cell 
lymphoma development in Eμ-Myc transgenic mice. (a) Survival analysis of 
Eμ-Myc Mb1-Cre Bimfl/+ mice compared to Eμ-Myc Mb1-Cre control mice 
and Eμ-Myc Mb1-Cre Bim± mice. Numbers for Eμ-Myc Mb1-Cre Bim± mice 
are from the study by Wong et al. (15). (B) Proportions of surface IgM-
positive or surface IgM-negative lymphomas in the control and conditional 
Bim-heterozygous cohorts. (c) Comparison of bone marrow B cell 
developmental cell fractions in control and conditional Bim-heterozygous 
groups.

FigUre 5 | Comparison of splenic cell numbers between conditional and 
germline Bim-null mice. Numbers for Mb1-Cre control and conditional 
Mb1-Cre Bimfl/fl mice are from Figure 1. Numbers for germline Mb1-Cre 
Bim−/− mice are from the study by Jurado et al. (29).
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heterozygous conditional Bim Deletion in 
Developing B cells accelerates  
MYc-Driven B cell lymphomagenesis
While the above experiments indicate that under normal physi-
ological conditions B  cell-intrinsic loss of Bim exerts its main 
effect on the mature B  cell pool, there are several instances 
where germline loss of Bim can have profound effects on murine 
B cell development under pathological conditions (6, 8, 29). For 
example, in the context of MYC-driven B cell lymphomagenesis, 
it has been shown that the loss of even a single copy of Bim leads 
to dramatically accelerated lymphoma development emanating 
from the pre-B and immature B cell stages in the bone marrow 
of Eμ-Myc transgenic mice (22). We therefore also compared 
the effects of heterozygous germline versus heterozygous B 
lymphoid-intrinsic conditional Bim deletion on the time course 
of lymphoma development in Eμ-Myc mice.

Compared to Mb1-Cre Eμ-Myc control mice (that also contained 
an Mb1-Cre knock-in allele; median survival 113 days), conditional 
Mb1-Cre Bimfl/+ Eμ-Myc mice (median survival 72 days) exhibited 
significantly accelerated lymphoma development (Figure  4A). 
The survival curve for these B lymphoid-specific conditional Bim 
heterozygous mice was not significantly different from the survival 
curve for otherwise isogenic germline Bim heterozygous mice [that 
also contained an Mb1-Cre knock-in allele (15)] (Figure 4A). Among 
the tumors that formed in the Mb1-Cre Bim-deleted Eμ-Myc mice, 
there were higher proportions of surface IgM-negative precursor 
B cell lymphomas compared to the Mb1-Cre Eμ-Myc control mice 
(Figure 4B), although this difference was statistically not significant. 
It should be noted that heterozygous conditional Bim deletion did 
not affect normal B cell development compared to Mb1-Cre control 
mice (Figure 4C). Overall, these data indicate that the effect of Bim 
heterozygosity on the lymphoma development of Eμ-Myc transgenic 
mice is largely B lymphoid-intrinsic, without quantifiably significant 
compounding effects of Bim deficiency in other tissues, including 
their developmental niche in the bone marrow.

similar results were also obtained in response to treatment 
with CD40L (Figures  3E,F). Taken together, these results 
indicate that loss of BIM primarily increases the survival of 
activation-resistant resting B lymphocytes that do not exit 
the G0 state, with a relatively minor effect on the survival of 
actively proliferating B lymphoblasts.
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DiscUssiOn

One of the most prominent phenotypes of germline Bim KO mice 
is a profound increase in the number of peripheral B cells, and an 
associated splenomegaly, but it was unclear to what extent this 
was due to B lymphoid-specific functions of BIM or influenced 
by the absence of BIM in other tissues and hematopoietic cell 
types. Notably, the numbers of splenic B cells in the conditional 
Mb1-Cre Bim-deleted mice reported here are strikingly similar to 
those of germline Bim KO mice (on the same genetic background, 
at the same age and under the same housing conditions, albeit 
at different times) that also contained a Mb1-Cre knock-in allele 
(29) (Figure 5). In contrast, the total spleen cell numbers were 
significantly more increased in the germline Bim-null mice com-
pared to the B lymphoid-specific Bim-deleted mice (Figure 5). 
These data therefore indicate that the B cell expansion in the Bim 
KO is largely due to cell-intrinsic changes within the B-lymphoid 
cell lineage, but the loss of Bim in other cell types is also an impor-
tant contributor to the severity of the splenomegaly.

The pool of mature B cells is constantly regenerated in mice 
in unison with the elimination of non-reactive or dormant 
B  cells that are not encountering antigens specific to their 
unique BCRs (30, 31). This raises the question whether loss of 
BIM affects B cell numbers by regulating the generation of new 
B cells or by regulating the survival of existing B cells. In addi-
tion to having increased numbers of mature B cells, the condi-
tional Mb1-Cre Bim-deleted mice also contained more pro-B 
and pre-B  cells than control animals (fractions B, C, and D; 
Figure 1E). However, this expansion of B lymphoid cells from 
earlier developmental stages was reversed to normal cellularity 
at the immature B cell stage (fraction F; Figure 1E), which rep-
resents the final stage before developing B cells emigrate from 
the bone marrow to peripheral lymphoid tissues including the 
spleen. This may be due to BIM-deleted cells undergoing fewer 
divisions at the large pre-B cell stage, perhaps due to limited 
availability of growth factors that drive this cell proliferation, 
or the elimination of excess cells by BH3-only proteins other 
than BIM. For example, the Bmf KO leads to more pronounced 
elevation of pre-B  cells and immature/transitional B  cells in 
the bone marrow than the Bim germline KO (7). Regardless, 
the observation that Mb1-Cre Bim-deleted mice have increased 
numbers of mature B cells but normal numbers of immature 
B cells suggests that the expansion of mature B cells caused by 
the absence of BIM may largely be due to their increased life 
span rather than increased survival of cells at earlier stages of 
B lymphopoiesis. This notion is supported by our analysis of 
conditional Cd23-Cre Bim mice, which delete Bim only dur-
ing the final differentiation stages after B lymphoid cells have 
left the bone marrow, yet exhibit a quantitatively comparable 
peripheral mature B cell expansion to the Mb1-Cre Bim mice.

The conclusion of our in vivo analyses, that BIM regulates 
B  cell homeostasis primarily through the stochastic elimina-
tion of superfluous mature B  cells, is also corroborated by 
our in  vitro data, which show that loss of BIM had a much 
more pronounced effect on the survival of activation-resistant 
mature B lymphocytes than on the proliferation of activated B 
lymphoblasts (Figure 3). It should be noted that these findings 

for in vitro-cultured, conditionally Bim-deleted cells are con-
sistent with earlier in  vitro findings for purified B  cells from 
germline Bim KO mice (28), where loss of BIM had a much 
more pronounced effect on apoptotic cell death of untreated 
resting cells than on the survival of LPS-stimulated cells after 
24–48 h in culture. The latter suggests that other proapoptotic 
BH3-only proteins, possibly PUMA (5), or other cell death 
mechanisms, such as death receptor-mediated apoptosis (32), 
may be more important than BIM in the killing of activated B 
lymphoblasts.

While the considerations above relate to how BIM regulates 
B  cell homeostasis under physiological conditions in other-
wise normal mice, it has previously been shown that germline 
loss of Bim can also impact B cell development, for example, 
in the context of other mutations or under pathological 
conditions. A prominent example of this is the accelerated 
development of B cell lymphomas emanating from pre-B cells 
or immature B  cells in Eμ-Myc transgenic mice (22). Our 
data indicate that the conditional and germline loss of Bim 
have quantitatively comparable effects in this context. Other 
examples of the effect of BIM on B cell development include 
the partial or complete rescue of B cell development defects 
of IL-7-deficient or IL-7 receptor-deficient mice (6, 8), dicer-
deficient mice (33), or Asciz-deficient mice (29) by germline 
Bim KO. Indeed, we recently found that conditional Bim 
deletion can fully rescue the B cell developmental defects of 
Mb1-Cre Dynll1-deleted mice (17), which are mechanistically 
and quantitatively similar to those observed in the Mb1-Cre 
Asciz-deleted mice. This indicates that BIM exerts its effects 
on B cell development under pathological conditions, at least 
during B lymphomagenesis, also in a cell-intrinsic manner in 
the B lymphoid lineage.

Finally, while our data indicate that the expansion of mature 
B cells in Bim KO mice is largely driven in a cell-intrinsic manner, 
it has been reported that substantial B cell expansions can also 
be triggered by the conditional deletion of Bim within only the 
myeloid cell compartment (11). However, it should be noted that 
these analyses of LysM-Cre Bim-deleted mice were performed 
in much older mice (8  months versus 8  weeks of age for our 
mice) and after they had developed a multi-organ autoimmune 
syndrome. Nevertheless, these findings highlight that it would be 
worthwhile to monitor the Cd23-Cre Bim-deleted mice for longer 
periods to determine if B cell-specific loss of BIM eventually leads 
to age-dependent deposition of immune complexes in susceptible 
tissues, such as the glomeruli in the kidney, and the development 
of any autoimmune syndrome-like pathologies, although these 
would be expected to be relatively mild on a C57BL/6 background 
(see above).
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Animal experiments were performed according to the Australian 
Code for the Care and Use of Animals for Scientific Purposes, 
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Newly generated bone marrow B cells are positively selected into the peripheral lym-
phoid tissue only when they express a B cell receptor (BCR) that is nonautoreactive or 
one that binds self-antigen with only minimal avidity. This positive selection process, 
moreover, is critically contingent on the ligand-independent tonic signals transduced by 
the BCR. We have previously shown that when autoreactive B cells express an active 
form of the rat sarcoma (RAS) oncogene, they upregulate the receptor for the B cell acti-
vating factor (BAFFR) and undergo differentiation in vitro and positive selection into the 
spleen in vivo, overcoming central tolerance. Based on the in vitro use of pharmacologic 
inhibitors, we further showed that this cell differentiation process is critically dependent 
on the activation of the mitogen-activated protein kinase kinase pathway MEK (MAPKK)-
extracellular signal-regulated kinase (ERK), which is downstream of RAS. Here, we next 
investigated if activation of ERK is not only necessary but also sufficient to break central 
B cell tolerance and induce differentiation of autoreactive B cells in vitro and in vivo. 
Our results demonstrate that activation of ERK is critical for upregulating BAFFR and 
overcoming suboptimal levels of tonic BCR signals or low amounts of antigen-induced 
BCR signals during in vitro B cell differentiation. However, direct activation of ERK does 
not lead high avidity autoreactive B cells to increase BAFFR levels and undergo positive 
selection and differentiation in vivo. B cell-specific MEK-ERK activation in mice is also 
unable to lead to autoantibody secretion, and this in spite of a general increase of serum 
immunoglobulin levels. These findings indicate that additional pathways downstream of 
RAS are required for high avidity autoreactive B cells to break central and/or peripheral 
tolerance.

Keywords: B cells, B cell tolerance, Bcr signaling, MaP kinase, erK, B cell development, autoreactive B cells, 
mouse models

inTrODUcTiOn

B cells developing in the bone marrow rearrange their immunoglobulin heavy (IgH) and immuno-
globulin light (IgL) chain genes in order to form B cell receptors (BCRs) specific for a wide array 
of pathogens. Due to its random nature, this process also produces B cells that are reactive with 
self-antigens (i.e., autoreactive B cells). In fact, a large majority (~55–75%) of immature B cells 
that are newly generated in the bone marrow of mice and people are autoreactive (1, 2). In a 
healthy immunological system, these autoreactive immature B cells are eliminated or controlled by 
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mechanisms of negative selection known as B cell tolerance (1, 
3–5). About half of these cells, those with BCRs with low avidity 
for self-antigen, enter the circulation and undergo further dif-
ferentiation but are rendered anergic in the periphery and die 
shortly thereafter [reviewed in Ref. (6, 7)]. The other half, those 
with medium/high avidity BCRs for self-antigens, continue 
rearranging their IgL chain genes to form a new BCR, a central 
tolerance mechanism known as receptor editing (1, 3–5). Once 
these editing B  cells produce a nonautoreactive (NA) BCR, a 
“tonic” ligand-independent signal is generated (8, 9). Our lab 
and others have shown that this tonic signal is crucial for the 
positive selection of B cells into the spleen, their differentiation 
into transitional and mature cell stages, and their long-term 
survival in the periphery (5, 10–12).

B cell repertoire studies have shown that in patients affected 
by some autoimmune diseases (including systemic lupus 
erythematosus), an increased number of autoreactive B  cells 
escape from the bone marrow into the periphery to play a role 
in disease (13–15). In addition, many B  cells participating in 
disease flares in lupus patients carry germline encoded Ig vari-
able region sequences, suggesting they are direct descendants of 
B  cells that escaped central tolerance (16). This has also been 
demonstrated in mice in which B  cells expressing germline 
encoded Ig genes contribute to anti-nuclear antibody production 
(17). Determining the molecular mechanisms of how autoreac-
tive and NA immature B cells undergo positive selection into the 
periphery is, therefore, of great importance in order to establish 
who is at risk for autoimmune diseases. This knowledge may also 
lead to the development of new therapies that restrict the bone 
marrow output of autoreactive B cells, thus decreasing the risk for 
the onset of these diseases. However, the molecular mechanisms 
that lead autoreactive B cells to break central tolerance are still 
largely unknown.

Rat sarcoma (RAS) is a small GTPase involved in many 
funda mental cellular processes, including cell differentiation 
and survival (18). RAS is thought to be the main activator of 
the extracellular signal-regulated kinase (ERK) pathway, via the 
intermediate MAP kinases RAF and MEK, all of which are also 
essential cell signaling components (19). In previous studies we 
have shown that basal activation of both RAS and ERK is higher 
in NA than autoreactive immature B cells of mouse models of 
central tolerance (20, 21). In addition, NA immature B  cells 
bearing hypomorphic BCR levels with reduced tonic signal-
ing (BCR-low cells) exhibit low levels of active RAS and ERK 
that are similar to those of autoreactive cells (20, 21). We have 
further shown that inhibition of the MAPK MEK-ERK pathway 
in NA immature B  cell cultures prohibits cell differentiation 
into the transitional stage (20, 21). Taken together, these data 
have revealed a positive correlation between surface BCR levels 
and intracellular activity of the RAS-ERK pathway in immature 
B cells and have also indicated that basal activation of the ERK 
pathway is necessary for propagation of tonic BCR signaling 
and the differentiation of immature B  cells into transitional 
B cells.

Heightened levels of phospho-ERK (pERK) have been 
observed in B  cells from both lupus patients and some lupus 
mouse models (22–24) suggesting that this pathway contributes 

to the generation and/or the survival and activation of autoreac-
tive B cells. In support of this idea, we have shown that expression 
of a constitutively active form of NRAS (caNRAS) in NA BCR-low 
and in autoreactive immature B cells increases their basal pERK 
levels, inhibits receptor editing in  vitro and in  vivo, promotes 
in vitro cell differentiation, and, in some instances, induces the 
in vivo production of IgG autoantibodies (20, 21). Because activa-
tion of the MEK-ERK pathway is downstream of RAS, this has 
led us to hypothesize that activation of the ERK pathway is not 
only necessary but may also be sufficient to overcome defects in 
BCR tonic signaling or the presence of self-antigen-induced BCR 
signaling and, consequently, to promote the differentiation of NA 
BCR-low and autoreactive B  cells. To our knowledge, whether 
activation of the ERK pathway overcomes B  cell tolerance has 
never been tested.

To test this hypothesis, in this study, we used a gene cassette 
encoding a constitutively active form of MEK (caMEK) either as 
a retroviral-driven transgene in bone marrow cultures or as a Cre-
regulated Rosa-26 targeted locus in vivo. This latter approach has 
been successfully employed to investigate the signaling pathways 
that ensure the BCR-dependent survival of mature B cells (25). 
Using these approaches we found that in bone marrow B  cell 
cultures, ERK activation can overcome suboptimal levels of tonic 
BCR signals or low amounts of antigen-induced BCR signals to 
promote the differentiation of BCR-low or autoreactive immature 
B cells into transitional B cells. However, direct activation of the 
MEK-ERK pathway is unable to break B cell tolerance in vivo, nei-
ther preventing receptor editing nor allowing cell differentiation 
of high avidity autoreactive B cells. These findings indicate that 
activation of ERK is not sufficient to break central B cell tolerance 
and that additional pathways downstream of RAS are required for 
this outcome.

MaTerials anD MeThODs

Mice
Ig knock-in mice 3-83Igi,H-2d (NA), 3-83Igi,H-2d-low (NA with 
low BCR), and 3-83Igi,H-2b (autoreactive) have been previously 
described (20, 26–29) and were all on a BALB/c genetic back-
ground. BALB/c mb1-Cre mice described in Ref. (30) were kindly 
donated by Michael Reth (Max Planck Institute of Immunobiology 
and Epigenetics) and were bred to 3-83Igi,H-2b mice to generate 
3-83Igi,H-2b-mb1-Cre mice. CB17 mice, bred in house, were 
used as wild-type controls. BALB/c mice (Stock No. 000651) were 
purchased from The Jackson Laboratory. The Rosa26-Lox-stop-
Lox (LSL)-caMEK-GFP mice previously described in Ref. (25) 
were purchased from The Jackson Laboratory (Stock No. 012352) 
and were backcrossed to CB17,H-2b mice (4 generations) and 
then bred to 3-83Igi,H-2b mice (eight generations) to generate 
3-83Igi,H-2b-R26-LSL-caMEK-GFP mb1-cre mice. Mice were 
analyzed at 7–9  weeks of age. Mice were bred and maintained 
in a specific pathogen-free facility at the University of Colorado 
Anschutz Medical Campus Vivarium (Aurora, CO, USA). Both 
male and female mice were used for experiments, and all animal 
procedures were approved by the UCD Institutional Animal Care 
and Use Committee.
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retroviral constructs and Production  
of retroviral Particles
The following retroviral vectors encoding replication-deficient 
retroviruses were used: pMSCV-IRES-GFP (MIG) and pMSCV-
GFP-IRES-hN-RasG12D (NRAS) were previously described (20).  
We obtained a shuttle vector containing constitutively active 
form of MEK [caMEK, MEK1-S218E/S222D (31)] from Addgene 
(plasmid #40809). The caMEK gene cassette was amplified from 
this plasmid using the primers caMEK-NotI (5′-AAAGCGGC 
CGCGTTACCCGGGTCCAAAA-3′) and caMEK-SalI (5′-AATG 
TCGACTTAGACGCCAGCAGCATG-3′) and AccuTaq poly-
merase (Sigma). The PCR product was cloned between NotI and 
SalI in the retroviral pMSCV-IRES-GFP vector (20) to generate 
the pMSCV-caMEK-IRES-GFP plasmid. These vectors are based 
on the Murine Stem Cell Virus (MSCV) retroviral expression 
system and contain an internal ribosome entry site (IRES) for 
bicistronic gene expression. We obtained the ERK2 shRNA 
and luciferase shRNA sequences in shuttle vectors from Open 
Bio systems. The shRNA sequences were isolated from these 
vectors as XhoI-EcoRI fragments that were then cloned into the 
MSCV-LTRmiR30-PIG (LMP) vector (Open Biosystems), kindly 
donated by John Cambier (University of Colorado), to create 
the MSCV-LMP-ERK2-shRNA and MSCV-LMP-luc-shRNA 
plasmids. Retroviral particles were produced as described previ-
ously (20).

In Vitro immature B-cell Differentiation 
and Transduction
Bone marrow immature B cells were generated and differen tiated 
in vitro as previously described (20, 21) based on a B cell culture 
system originally described in Ref. (32). Briefly, bone marrow cells 
were cultured in complete Iscove’s Modified Dulbecco’s Medium 
in the presence of IL-7 (made in house) for 4 days at which time 
IL-7 was removed by washing twice with PBS. Then, cells were 
plated at 6–8 × 106 cells/mL with 10 ng/mL recombinant mouse 
BAFF (R&D Systems) for an additional 2–3 days to achieve cell 
differentiation (e.g., CD21 and IgD expression). Where indicated, 
cells were treated with either DMSO, 30 µM of ERK1/2 inhibi-
tor (FR180204; EMD Chemicals), or indicated concentrations 
of anti-3-83Ig idiotypic antibody S23 (33), during culture with 
BAFF. S23 was added to the culture each day in order to maintain 
BCR engagement. Retroviral transduction of immature B  cells 
was performed as previously described (20).

elisas
The 3-83IgM and total IgM serum titers were measured by 
ELISA as previously described (29). The 3-83IgG2a serum titer 
was measured by ELISA as previously described (29) and with 
the following modifications. Briefly, 96-well Nunc- Immuno 
MaxiSorp plates (Thermo Fisher Scientific) were coated with 
10  µg/mL of rat anti-mouse IgG2a (RMG2a-62) (purchased 
from BD Pharmingen). The 3-83IgG was detected using bioti-
nylated anti-3-83Ig antibody (54.1) (34), followed by alkaline 
phosphatase (AP)-conjugated streptavidin (SouthernBiotech), 
and developed by the addition of AP substrate (p-nitro-phenyl 
phosphate; Sigma). For total IgG ELISA, 96-well Nunc-Immuno 

MaxiSorp plates were coated with 10 µg/mL of goat anti-mouse 
IgG (H+L) antibody, human ads-unlabeled (SouthernBiotech). 
Plates were detected with goat anti-mouse IgG, human ads-AP 
(SouthernBiotech). The standard used to measure total IgG 
concentration was a mixture of the following mouse unlabeled 
antibodies starting at 1 μg/mL: IgG1 (15H6), IgG2a (HOPC-1), 
IgG2b (A-1), IgG3 (B10), all purchased from Southern Biotech. For 
the total IgA ELISA, plates were coated with 10 µg/mL unlabeled 
goat anti-mouse IgA antibody (SouthernBiotech) and detected 
with goat anti-mouse IgA-AP antibody (SouthernBiotech). For 
the total IgE ELISA, plates were coated with 10 µg/mL rat anti-
mouse IgE antibody (23G3, SouthernBiotech), and detected with 
rat anti-mouse IgE-AP antibody (23G3, SouthernBiotech). The 
standards used to measure sera concentrations are as follows: 
mouse IgA-unlabeled (S107, SouthernBiotech, starting at 1 µg/
mL), mouse IgE-unlabeled (15.3, SouthernBiotech, starting at 
0.2 µg/mL). All ELISA plates were developed by the addition of 
AP substrate (Sigma) solubilized in 0.1 M diethanolamine and 
0.02% NaN3. Plates were read as previously described (35).

generation of retrovirus-Transduced 
Mixed Bone Marrow chimeras
Bone marrow chimeras with transduced hematopoietic stem cells 
(i.e., retrogenic) were generated as previously described (36) with 
the following modifications. Briefly, donor 3-83Igi,H-2d-low bone 
marrow cells were transduced with two cycles of spin infection as 
previously described (36). Recipient BALB/c mice were lethally 
irradiated with two doses of 450 rad, 3 h apart. They then received 
a total of 5 × 105 donor cells mixed at the indicated ratios in PBS 
via tail vein injection. Mice were analyzed 8–9 weeks later.

Quantitative real-Time Pcr
Ex vivo bone marrow B cells (either B220+ or B220+GFP+) were 
isolated using a FACSAria (BD Biosciences) cell sorter with a 
purity of >97%. Total RNA was purified using TRIzol (Invitrogen) 
and cDNA was synthesized using the SuperScript III First-Strand 
Synthesis system (Invitrogen). Murine Rag1 (Mm01270936_m1) 
and Rag2 (Mm00501300_m1) cDNAs were amplified using 
Applied Biosystems TaqMan primer and probe sets purchased 
from Thermo Fisher Scientific. Differences in specific mRNA 
levels were determined as previously described (21), and each 
sample was normalized to murine 18  s (Mm03928990_g1, AB 
TaqMan). All samples were run in triplicate using the LightCycler 
480 instrument (Roche).

Flow cytometry
Bone marrow and spleen single-cell suspensions were stained 
with fluorochrome or biotin-conjugated antibodies against 
mouse B220 (RA3-6B2), IgD (11-26c-2a), IgMa (MA-69), IgMb 
(AF6-78), pan-IgM (11/41), CD21 (7E9), CD23 (B3B4), CD24 
(M1/69), Igλ (RML-42), CD19 (1D3), CD138 (281-2), CD86 (B7-
2), CD69 (H1.2F3), CD1d (1B1), and CD44 (1M7) purchased 
from eBioscience, BD Pharmingen, or Biolegend. Anti-3-83Ig 
(H + κ) antibodies [54.1 (34)] were produced in house. Biotin-
labeled antibodies were visualized with flourochrome-conjugated 
streptavidin (BD Biosciences). The fluorescent che mical 
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FigUre 1 | Extracellular signal-regulated kinase (ERK) contributes to 
establishing appropriate expression of the BCR and BAFFR on immature 
B cells. (a) Representative histograms and quantification of IgM levels on 
nonautoreactive (NA) (3-83Igi,H-2d) bone marrow cells that were cultured in 
IL-7 for 4 days and then incubated with either BAFF + DMSO (black) or 
BAFF + 30 µM ERK1/2 inhibitor (FR180204, purple) for 3 days. Shown are 
B220+IgD+ transitional B cells. N = 4 total, from four independent 
experiments. (B) Representative histograms and quantification of BAFFR 
levels on NA bone marrow cells that were cultured in IL-7 for 4 days along 
with either DMSO (black) or 30 µM ERK1/2 inhibitor (purple). Shown are 
B220+IgD– immature B cells. N = 3 total, from three independent 
experiments. (c) Representative histograms and quantification of BAFFR 
levels on BCR-low bone marrow cells that were cultured in IL-7 for 4 days 
and transduced with either MIG control or caRAS and then incubated with 
either DMSO (MIG, black dashed line or white bar and caRAS, red) or 30 µM 
ERK1/2 inhibitor (caRAS, purple). Data are representative of two 
independent experiments. *P ≤ 0.05, **P ≤ 0.01.
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compound 7-aminoactinomycin D (7AAD; eBioscience) was used 
to discri minate unfixed dead cells. Phospho-ERK and total ERK 
staining were performed on cells treated with the phosphatase 
inhibitor pervanadate for 5 min as previously described (20, 21). 
Zombie UV Fixable Viability kit from BioLegend was used to 
discriminate dead cells in fixed and permeabilized samples. Data 
acquisition was done on the CyAn cytometer (Beckman Coulter) 
or the BD LSRFortessa cytometer (BD Biosciences) and analyzed 
with FlowJo software (Tree Star). Analyses were performed on 
live B cells based on the incorporation of either 7AAD or Zombie 
UV and the pan B-cell marker B220 expression. Cell doublets 
were excluded based on the side scatter and pulse width for data 
analyzed on the Cyan cytometer or the forward scatter area and 
forward scatter height for data analyzed on the BD LSRFortessa.

statistical Data analysis
Data were analyzed using GraphPad Prism software. Statistical 
significance was assessed using an unpaired, one-tail, Student’s 
t-test. P-values of ≤0.05 were considered significant. Data are 
represented as mean ± SEM.

resUlTs

erK contributes to establishing 
appropriate expression of the Bcr  
and BaFFr on immature B cells
Our previous studies have indicated that basal activation of the 
ERK pathway is necessary for the differentiation of immature 
B cells into transitional B cells. These studies, however, were per-
formed with pharmacologic inhibitors of the ERK pathway that, 
due to potential off target effects, may lead to erroneous conclu-
sions [e.g., (37)]. In order to confirm the requirement for ERK in 
the differentiation of transitional B cells, we expressed an shRNA 
specific for ERK2 [the ERK isoform more highly expressed in 
immature B cells (21)] in NA bone marrow B cells from the Ig 
knock-in mouse model 3-83Igi,H-2d (26, 28), and then measured 
their differentiation into CD21+ transitional B cells (Figure S1A 
in Supplementary Material). Expression of ERK2-shRNA led to 
lower levels of total ERK and of pERK in immature B cells, levels 
that were particularly reduced in a fraction of transduced cells 
(Figures S1B,C in Supplementary Material). In agreement with 
previous observations obtained with the use of MEK and ERK 
inhibitors (20, 21), knock-down of ERK2 was accompanied by 
a decreased frequency of CD21+ transitional B cells and, again, 
with a noticeable fraction expressing lower levels of CD21 (Figure 
S1D in Supplementary Material).

Results from our previous studies (20, 21) have led us to sug-
gest that basal ERK activation is under the control of tonic BCR 
signaling in immature B cells and that a level of pERK above a set 
threshold is required for the differentiation of immature B cells 
into transitional B cells. In order to test this idea, we treated NA 
bone marrow B cell cultures with an ERK inhibitor, and measured 
surface IgM on cells that differentiated into IgD+ transitional 
B cells. Pharmacologic inhibition of ERK led to the differentia-
tion of fewer IgD+ transitional B cells (data not shown), and the 
cells that were able to differentiate displayed higher surface IgM 

levels when compared to control treated cells (Figure 1A). These 
data support the idea that a threshold of pERK under the control 
of surface IgM is required to promote ongoing immature B cell 
differentiation.

BAFFR expression and signaling contributes to the differen-
tiation of immature into transitional B cells and of transitional 
into mature B cells (36, 38–40). Moreover, BAFFR is expressed at 
higher RNA and protein levels by NA immature B cells relative 
to BCR-low and autoreactive B  cells (36). Therefore, we next 
asked if the activity of ERK is necessary for BAFFR expression 
by immature B cells. Upon treating cultures of NA bone marrow 
immature B cells with an ERK inhibitor we found significantly 
reduced expression of BAFFR relative to control (Figure  1B), 
suggesting that ERK activity contributes to the expression of 
BAFFR and the response of immature B cells to BAFF. Our previ-
ous studies have shown that the expression of caNRAS restores 
BAFFR levels on the surface of BCR-low immature B  cells in 
culture (20, 36). Given that RAS is a potent activator of the ERK 
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pathway (41), we questioned whether the upregulation of BAFFR 
mediated by caNRAS (36) also requires ERK activity. To test this, 
we transduced BCR-low immature B cell cultures with caNRAS 
and then treated the cells with an ERK inhibitor. Inhibition of 
ERK almost completely prevented the induction of BAFFR 
expression mediated by caNRAS (Figure 1C).

Taken together, these data reinforce the conclusion that under 
the control of surface IgM and tonic BCR signaling, the ERK 
pathway plays a crucial role in the differentiation of immature 
B cells into transitional B cells and, thus, for the establishment of 
central B cell tolerance. They also indicate a critical role of ERK 
downstream of RAS in the upregulation of BAFFR, an event that 
contributes to the generation of transitional B cells in mice. We 
next asked whether direct activation of the ERK pathway is also 
sufficient to overcome defective tonic signals and to break central 
B cell tolerance.

erK activation Overcomes suboptimal 
levels of Tonic Bcr signals or low 
amounts of antigen-induced Bcr signals 
During the In Vitro Differentiation of 
immature B cells into Transitional B cells
To determine if ERK activation alone could facilitate BAFFR 
expression to levels similarly driven by caNRAS and could also 
promote the differentiation of BCR-low B  cells, we conducted 
in  vitro experiments with a constitutively active form of MEK 
(caMEK), the kinase that directly activates ERK. A gene encoding 
caMEK [MEK1-S218E/S222D (31)] was cloned into a retroviral 
vector that includes an IRES-GFP cassette, and caMEK-IRES-
GFP retroviral particles were transduced into BCR-low immature 
B cells in an IL-7 culture.

To ensure the function of caMEK, we compared pERK levels 
in B cells transduced with caMEK or control retrovirus. In order 
to measure pERK in “naïve” immature B  cells, we previously 
demonstrated the need to amplify this signal with a pervanadate 
treatment, and we have shown that the pERK signal in pervana-
date-treated cells is proportional to the basal level in untreated 
cells (21). Expression of caMEK in pervanadate-treated BCR-low 
immature B cells increased pERK levels to those present in BCR-
normal NA cells. These levels were also similar to those achieved 
with the expression of caNRAS (Figure 2A). However, in spite 
of its ability to increase ERK activity, caMEK failed to increase 
the expression of BAFFR (Figure 2B). Despite low BAFFR levels, 
BCR-low immature B cells expressing caMEK differentiated into 
CD21+ transitional B cells similarly to BCR-normal NA B cells, 
although to a lesser extent relative to BCR-low cells expressing 
caNRAS (Figure 2C). The ability of caMEK to promote B cell 
differentiation was dose-dependent because higher levels of 
caMEK, as indicated by GFP intensity, resulted in higher amounts 
of pERK and frequency of CD21+ cells (Figures  2D,E). Thus, 
these data confirm our previous findings (20) that immature 
B cells expressing low levels of BCR display low levels of pERK 
and BAFFR and do not differentiate into transitional B  cells. 
Furthermore, these data extend these findings to indicate that 
activation of the ERK pathway restores normal differentiation 
of immature BCR-low B cells into transitional B cells in culture, 

but to a lower extent than what was achieved by activation of the 
RAS pathway.

We have previously shown that expression of caNRAS pro-
motes the in  vitro differentiation of high avidity autoreactive 
immature B cells into transitional B cells and via a process requir-
ing the activity of ERK (21). To explore whether direct activation 
of ERK is sufficient to induce the differentiation of autoreactive 
B cells, we transduced autoreactive immature B cells (from the 
3-83Ig,H-2b mouse model) with caMEK and analyzed their dif-
ferentiation in vitro. Similar to that observed with NA BCR-low 
B  cells, the expression of caMEK in autoreactive B  cells led to 
significantly increased levels of basal pERK, comparable to the 
levels expressed by NA B cells (Figure 3A). But again, caMEK 
was unable to increase BAFFR expression (Figure 3B). However, 
while caMEK corrected the impaired differentiation of BCR-low 
cells (Figures  2C,E), it did not overcome the developmental 
block in autoreactive immature B cells (Figure 3C). Indeed, the 
frequency of CD21+ B  cells in caMEK-expressing 3-83Ig,H-2b 
cells was equivalent to that of the control MIG-transduced cells 
(Figure 3C). These data, therefore, indicate that activation of the 
MEK-ERK pathway is not sufficient to rescue the differentiation 
of autoreactive B cells in vitro, at least not when the autoreactive 
cells exhibit high avidity for self-antigen, as is the case for B cells 
from 3-83Ig,H-2b mice (42).

Autoreactive immature B  cells with low avidity for self-
antigen experience low levels of self-antigen-induced BCR 
signaling (43) but also retain a discernable amount of surface 
IgM and resulting tonic BCR signals (21). In order to test 
whether constitutive activation of the MEK-ERK pathway 
could overcome tolerance set by low avidity BCR-induced sig-
nals, we used decreasing amounts of the agonistic anti-3-83Ig 
idiotypic antibody S23 (33) to mimic decreasing availability 
of self-antigen. Specifically, NA 3-83Igi,H-2d immature B cells 
were transduced with caMEK or MIG and then incubated with 
varying concentrations of anti-3-83Ig S23 mAb until analysis of 
cell differentiation (Figure  3D). Consistent with the previous 
results (Figure 3C), expression of caMEK did not promote the 
differentiation of 3-83Ig+ B cells incubated with high concentra-
tions of S23 (Figure 3E). However, a measurable and significant 
increase in cell differentiation was observed in cells expressing 
caMEK relative to control (MIG) with diminishing doses of S23 
(Figure 3E). This suggests that ERK activation may be able to 
overcome low levels of self-antigen-mediated signals to induce 
positive selection and differentiation of low-avidity autoreactive 
immature B cells.

The above findings indicate that activation of the MEK-ERK 
pathway is able to overcome defective tonic BCR signaling and 
low level of antigen-induced BCR signaling during the in vitro 
differentiation of immature B cells into transitional B cells and via 
a process independent on the expression of BAFFR.

constitutive activation of the MeK-erK 
Pathway Does not Overcome B cell 
Tolerance In Vivo
The bone marrow culture system only partially reflects the pro-
cesses of central B  cell selection and B  cell differentiation and 
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FigUre 2 | Extracellular signal-regulated kinase (ERK) activation drives differentiation of BCR-low immature B cells in vitro. (a,B) Representative histograms and 
bar graph quantification of pERK (a) and BAFFR (B) in bone marrow immature (B220+IgD–) B cells cultured for 4 days with IL-7. The cells analyzed were either 
nonautoreactive (NA) (3-83Igi,H-2d) BCR normal cells (NA, black solid line) or BCR-low cells transduced with MIG (black dashed line), caMEK (blue line), or caNRas 
(red line). The analysis of transduced cells was performed on GFP+ cells in all experiments. Staining of pERK was done on cells treated with pervanadate to allow 
for pERK signal detection. The gray shaded histogram in (a) represents isotype control antibody. (c) Representative histograms and bar graph quantification of the 
frequency of CD21+ cells in the B220+ B cell population after 3 days of culture with BAFF. (D,e) BCR-low B cells transduced with either caMEK (blue) or MIG 
control (black) were gated based on increasing GFP expression, which correlates with caMEK expression in caMEK transduced cells. The pERK MFI (D) or the 
frequency of CD21+ cells (e) were plotted against the GFP MFI of the individual segments. In all panels, N = 3 total, from three independent experiments. 
*P ≤ 0.05; NS, not significant.
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cannot be used to investigate the generation of mature B cells or 
the implementation of peripheral tolerance. To test whether acti-
vation of the ERK pathway can overcome, at least partially, central 
and peripheral B cell tolerance in vivo, we crossed 3-83Igi,H-2b 
mice to mb1-Cre mice (30) and Rosa26-lox-stop-lox-caMEK-
GFP mice (25) to generate 3-83Igi,H-2b LSL-caMEK-mb1Cre 
animals in which caMEK is only expressed in 3-83 autoreactive 
B cells (Figure 4A).

Expression of caMEK, which was marked by the presence 
of GFP, was exclusively observed in B220+ B  cells in the bone 
marrow and spleen of LSL-caMEK-mb1Cre mice (Figure S2 in 
Supplementary Material). To confirm the functionality of the 
Rosa26 caMEK allele in the B cell lineage, we measured pERK 
levels in bone marrow immature B  cells in which the pERK 
signal was amplified with pervanadate treatment. Bone marrow 
immature B cells are normally identified as B220+IgM+IgD–, but 
we analyzed pERK in B220+IgD– cells because IgM is largely 
internalized in 3-83Ig+ autoreactive B  cells, and about 90% of 
B220+IgD– cells are nevertheless immature B  cells in (3-83) Ig 
knock-in mice due to the absence of pre-B cells (26). The expres-
sion of caMEK in autoreactive immature B cells increased their 

pERK levels to those observed in NA B cells (Figure 4B), and this 
was not a consequence of differences in surface IgM (Figure 4E) in 
the presence of pervanadate treatment, as could be argued based 
on previous studies (44). Thus, these data indicate that caMEK 
expression in developing B cells leads to meaningful activation 
of the ERK pathway.

Central B  cell tolerance was investigated in  vivo by first 
analyzing the phenotype of bone marrow B cells. As shown in 
Figures 4C,D, activation of the ERK pathway did not alter the 
total number of B220+ cells, nor the numbers of immature (CD21–

CD23–), T1-like (CD21+CD23–), and T2-like (CD21+CD23+) 
B  cell populations in the bone marrow of 3-83Igi,H-2b mice. 
Surface levels of IgM were also equivalent (Figure 4E). However, 
we did find a slight but significant reduction in numbers of recir-
culating mature (CD24lowCD21+) B cells (Figure 4D).

It was previously indicated that the ERK pathway plays a role 
in receptor editing (45), although our previous in vitro studies 
suggest it does not (21). In accordance with our previous findings, 
we did not see changes in parameters associated with receptor 
editing such as the number of surface IgM– (editing) and IgM+ 
(edited) cells, frequency of λ+ cells, and expression of Rag1/2 
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FigUre 3 | Extracellular signal-regulated kinase (ERK) activation drives the differentiation of low-avidity, but not high-avidity autoreactive B cells in vitro. (a,B) 
Representative histograms and bar graph quantification of phospho-ERK (pERK) (a) and BAFFR (B) in bone marrow immature B cells (B220+IgD–) cultured for 
4 days with IL-7. The B cells analyzed were either non-transduced nonautoreactive (NA) (3-83Igi,H-2d) cells (black solid line) or autoreactive (3-83Igi,H-2b) cells 
transduced with MIG control (black dashed line), caMEK (blue line), or caNRas (red line) retroviral vectors. Transduced cells were gated on GFP+ for analyses. 
Staining of pERK (in A) was done on cells treated with pervanadate. The gray shaded histogram in (a) represents isotype control antibody. (c) Representative 
histograms and bar graph quantification of the frequency of CD21+ cells in the B220+ B cell population after 3 days of culture with BAFF. (D) Schematic of the 
system utilized to investigate the effect of caMEK on the in vitro differentiation of immature B cells cultured with increasing amounts of BCR stimulation. 3-83Igi,H-2d 
bone marrow cells were cultured with IL-7 for 4 days and transduced with retrovirus carrying either caMEK or MIG on the second day of culture. Cells were then 
incubated with BAFF and increasing amounts of an agonistic anti-3-83Ig idiotypic mAb (S23), this latter added each day during a 3 days culture. (e) CD21 
expression (MFI) on B cells treated as described in (D): caMEK-GFP, blue bars and MIG, white bars. In all panels, N = 3 total, from three independent experiments. 
*P ≤ 0.05; NS, not significant.
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FigUre 4 | Constitutive extracellular signal-regulated kinase (ERK) activation does not rescue the in vivo development of autoreactive bone marrow B cells. (a) 
Schematic of the in vivo model for caMEK expression in autoreactive B cells. (B) Representative histograms and bar graph quantification of pERK levels in ex vivo 
immature B cells (B220+IgD–) from the bone marrow of NA (3-83Igi,H-2d) mice and autoreactive (3-83Igi,H-2b) mb1Cre or R26-LSL-caMEK-GFP-mb1Cre 
(caMEK-mb1Cre) mice. Cells were treated with pervanadate before pERK staining. (c) Absolute numbers of B220+ cells in the bone marrow of 3-83Igi,H-2b mb1Cre 
and R26-LSL-caMEK-GFP-mb1Cre mice. (D) Gating strategy and bar graph quantification of cell numbers in bone marrow B cell populations from 3-83Igi,H-2b 
mb1Cre and R26-LSL-caMEK-GFP-mb1Cre mice. B cell subsets were discriminated as: immature B cells (B220+CD24hiCD21–CD23–), T1-like B cells 
(B220+CD24hiCD21+CD23–), T2-like B cells (B220+CD24hi CD21±CD23+), and recirculating mature B cells (B220+CD24loCD21hi). (e) Mean fluorescence intensity of 
IgM surface expression on B cells belonging to the B cell subsets gated as in (D). (F) Gating strategy and quantification of the number of IgM+ (edited) and IgM– 
(editing) cells within the bone marrow immature (B220+CD24hi) B cell population from 3-83Igi,H-2b mb1Cre and R26-LSL-caMEK-GFP-mb1Cre mice. (g) Gating 
strategy and quantification of the percentage of λ+ cells within immature (B220+CD24hi) bone marrow B cells from 3-83Igi,H-2b mb1Cre and R26-LSL-caMEK-GFP-
mb1Cre mice. For panels (a–F), N = 9 total 3-83Igi,H-2b-mb1Cre mice and N = 7 total 3-83Igi,H-2b-R26-LSL-caMEK-GFP-mb1Cre mice, analyzed in four 
independent experiments. (h) Relative Rag1 and Rag2 mRNA levels in B220+ or B220+GFP+ cells sorted from the bone marrow of 3-83Igi,H-2b-mb1Cre or 
3-83Igi,H-2b-R26-LSL-caMEK-GFP-mb1Cre mice, respectively. Data were normalized to 18 s mRNA levels and are expressed as fold change over the average 
mRNA levels in 3-83Igi,H-2b-mb1Cre cells. N = 3 mice from one experiment. In all panels, B cells from 3-83Igi,H-2b R26-LSL-caMEK-GFP-mb1Cre mice were 
additionally gated on GFP+ to analyze only the cells expressing caMEK. **P ≤ 0.01, ***P ≤ 0.001, NS, not significant.

Greaves et al. ERK Contribution to B Cell Tolerance

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 707

genes, within the bone marrow immature B  cell population 
(Figures 4F–H).

We next evaluated the extent to which activation of the ERK 
pathway affects B  cell tolerance by analyzing the phenotype of 

peripheral B cells. In the spleen of 3-83Igi,H-2b caMEK-mb1Cre 
mice, we noticed a slight, although not significant, increase in 
pERK expression (Figure  5A). We also observed a minor, but 
significant reduction in total B220+ cell numbers (Figure 5B), but 

126

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 5 | Constitutive extracellular signal-regulated kinase (ERK) activation does not break the central or peripheral tolerance of autoreactive 3-83Ig+ B cells 
in vivo. (a) Representative histograms and bar graph quantification of phospho-ERK (pERK) levels in ex vivo B220+ B cells from the spleen of autoreactive 
3-83Igi,H-2b mb1Cre and R26-LSL-caMEK-GFP-mb1Cre mice. Cells were treated with pervanadate before pERK staining. (B) Absolute number of B220+ cells in 
the spleens of 3-83Igi,H-2b mb1Cre and R26-LSL-caMEK-GFP-mb1Cre mice. (c) Gating strategy and bar graph quantification of splenic B cell populations from 
3-83Igi,H-2b mb1Cre and R26-LSL-caMEK-GFP-mb1Cre mice. B cell subsets were discriminated as: immature/transitional 1 B cells (B220+CD1d–CD24hiCD23–), 
transitional 2 B cells (B220+CD1d–CD24hiCD23+), follicular B cells (B220+CD1d–CD24loCD23+), and marginal zone B cells (B220+CD1d+CD21hi). (D) Gating strategy 
and quantification of IgM+ B cell numbers from the spleens of 3-83Igi,H-2b mb1Cre and R26-LSL-caMEK-GFP-mb1Cre mice. (e) Gating strategy and 
quantification of the percentage of λ+ cells within B220+ B cells from the spleen of 3-83Igi-H-2b mb1Cre and R26-LSL-caMEK-GFP-mb1Cre mice. For panels 
(a–e), N = 9 total 3-83Igi,H-2b-mb1Cre mice, and N = 7 total 3-83Igi,H-2b-R26-LSL-caMEK-GFP-mb1Cre mice, analyzed in four independent experiments. (F) 
Gating strategy and quantification of T3 B cell numbers (CD23+IgMlo) within the transitional B cell population (B220+CD1d–CD24hi) from the spleen of 3-83Igi,H-2b 
mb1Cre and R26-LSL-caMEK-GFP-mb1Cre mice. In panels (a–F), B cells from 3-83Igi,H-2b R26-LSL-caMEK-GFP-mb1Cre mice were additionally gated on GFP+ 
to analyze only the cells expressing caMEK. (g) Concentration (μg/mL) of 3-83IgM and 3-83IgG2a in the sera of 3-83Igi,H-2b-mb1Cre controls (N = 7) and 
3-83Igi,H-2b-R26-LSL-caMEK-GFP-mb1Cre mice (N = 5). The bottom dotted lines represent background detection levels from a wild-type control and the top 
dotted lines represent Ig levels present in 3-83,H-2d nonautoreactive (NA) positive control mice. *P ≤ 0.05; NS, not significant.
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there were no other significant differences in individual splenic 
B  cell subsets compared to mb1Cre only littermate controls 
(Figure 5C). There were also no differences in IgM+ cell numbers 

or in the percent of λ+ B cells between caMEK and control mice 
(Figures  5D,E), confirming our conclusions that central B  cell 
tolerance was equivalent in its extent or mechanism. Because 
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ERK signaling has been thought to maintain anergy in a subset 
of autoreactive B cells (43), we analyzed the T3 B cell subset to 
investigate whether expression of caMEK leads to increased num-
bers of anergic B cells (6). However, we found no difference in the 
T3 population of caMEK mice compared to controls (Figure 5F). 
In the past, we have shown that about 20% of splenic B cells in 
3-83Igi,H-2b mice retains expression of the 3-83 autoreactive 
BCR, although this is generally intracellular and the antibody 
is minimally secreted (29). Thus, we questioned next whether 
caMEK would relax peripheral tolerance and increase secretion 
of the 3-83 autoantibody. Again, we observed no significant dif-
ferences in the concentrations of 3-83IgM and 3-83IgG2a secreted 
antibodies in serum of caMEK and control mice, antibodies that 
were detected only at background (wild-type) levels (Figure 5G).
In summary, these data indicate that caMEK expression by high 
avidity autoreactive B  cells does not lead to a break in either 
central or peripheral tolerance in vivo.

To establish whether the inability of caMEK to correct defects 
in B  cell differentiation in  vivo was restricted to autoreactive 
B cells, we also investigated the effect of caMEK on the in vivo 
development of NA BCR-low B cells. For these studies, we gener-
ated bone marrow chimeras of Igha BCR-low cells transduced 
with either caMEK-GFP or GFP only, mixed with non-transduced 
Ighb wild-type competitor cells (Figure S3A in Supplementary 
Material) using a method previously described (20). We found 
that although ERK activation was increased, BCR-low B  cells 
expressing caMEK were unable to differentiate in vivo (Figures 
S3B–E in Supplementary Material), similar to that observed for 
autoreactive B cells.

Taken together, these data indicate that when assessed in vivo, 
direct activation of the ERK pathway is unable to compensate 
for defective tonic BCR signaling or self-antigen-induced BCR 
signals during B cell development and tolerance.

constitutive activation of the erK 
Pathway in B cells leads to higher  
levels of serum antibodies but not to 
higher numbers of activated B cells
Published studies indicate that ERK is necessary for the expres-
sion of BLIMP-1 and the generation of plasma cells in response 
to foreign antigen (46). However, continuous BCR signaling 
through the ERK pathway, as present in self-reactive B cells, leads 
to inhibition of BLIMP-1 and plasma cell generation via a mecha-
nism that has been suggested to be necessary for the maintenance 
of B cell anergy (43, 47). We were therefore interested in whether 
constitutive activation of the MEK-ERK pathway has either a 
positive or negative impact on B  cell activation and antibody 
production.

To address this, we evaluated naïve 3-83Igi,H-2b caMEK and 
control mice for the expression of activation markers on B cells 
and the levels of total serum Igs, taking into consideration that 
the peripheral B cell population of 3-83Igi,H-2b mice is mainly 
composed of edited polyclonal NA B cells (28, 29). Our analyses 
did not detect any significant differences in the expression of 
CD86 and CD69 activation markers and in that of CD44 and 
CD138 plasmablast markers on caMEK splenic B cells, relative 

to control (Figures 6A–D). We did, however, find a significant 
increase of CD23 surface levels in caMEK B cells (Figure 6E). 
CD23 is known to be a receptor for IgE, and previous studies have 
reported that IgE is able to regulate the expression of CD23 in vivo 
(48). Based on this and the known contribution of ERK to plasma 
cell development (46), we hypothesized that constitutive activa-
tion of the MEK-ERK pathway could alter antibody production, 
and we tested this possibility by measuring total Ig isotypes in 
the sera of caMEK and control mice. These analyses detected 
significantly higher levels of total IgM, IgG, and IgE, but not IgA, 
in caMEK mice compared to littermate controls (Figure 6F).

Thus, by showing that B  cell-specific constitutive activation 
of the MEK-ERK pathway increases basal antibody production, 
these data support a B cell-intrinsic role of ERK in plasma cell 
generation and antibody secretion.

DiscUssiOn

The present study extends our understanding of how central 
B  cell tolerance is intrinsically regulated and how autoreactive 
B cells are selected out of the bone marrow and into the circula-
tion, this latter a phenomenon that occurs more frequently in 
many autoimmune patients. We have previously established that 
activation of the RAS cascade can break central B cell tolerance 
in mice, leading to inhibition of receptor editing and develop-
ment of autoreactive B  cells, a process requiring ERK. In this 
study, we tested whether intrinsic activation of the ERK pathway 
in immature B cells is not only necessary, but also sufficient to 
mediate BCR-derived signaling events that promote cell dif-
ferentiation and positive selection into the mature population. 
Our data demonstrate that constitutive activation of the MEK-
ERK pathway can intrinsically overcome suboptimal levels of 
tonic BCR signaling and low amounts of antigen-induced BCR 
signaling to promote the differentiation of immature B cells into 
transitional B cells, but only in vitro. In vivo, however, activation 
of the MEK-ERK pathway is unable to break either central or 
peripheral B cell tolerance, despite its ability to generally enhance 
serum antibody levels.

The RAS-ERK pathway has been positively linked to a 
variety of processes during B  cell development. Starting at the 
very early B  cell subsets, it has been shown that ERK activity 
is essential for the pro-B  cell to pre-B  cell transition (49, 50).  
Furthermore, the ERK kinase signals downstream of the pre-BCR 
to upregulate genes associated with cell proliferation and survival 
(50). In contrast to these positive effects exercised during early 
B cell development, ERK can have quite a negative effect during 
the transitional B cells stage. In fact, it has been shown that B cells 
can activate the ERK pathway both dependently and indepen-
dently of Ca2+ signaling, and that Ca2+-dependent activation of 
the ERK pathway is responsible for inducing apoptosis (i.e., clonal 
deletion) of autoreactive B cells at the transitional stage (51).

In this study we show that, differing from what was previously 
achieved with constitutive activation of RAS (20, 21), direct ERK 
activation is not sufficient to induce positive selection and bone 
marrow export of either NA BCR-low or autoreactive B cells. We 
additionally show that basal activation of the ERK pathway, such 
as achieved in the 3-83Igi,H-2b,caMEK,mb1-cre mice, does not 
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FigUre 6 | B cell-specific expression of caMEK does not induce B cell activation, but increases serum Ig levels. (a–e) MFI levels of (a) CD86, (B) CD69, (c) CD44, 
(D) CD138, and (e) CD23 on splenic B220+ B cells from 3-83Igi, H-2b mb1Cre and B220+GFP+ B cells R26-LSL-caMEK-GFP-mb1Cre mice. N = 9 total  
3-83Igi,H-2b-mb1Cre mice and N = 7 total 3-83Igi,H-2b-R26-LSL-caMEK-GFP-mb1Cre mice, analyzed in four independent experiments. (F) Concentrations  
(μg/mL) of total IgM, IgG, IgE, and IgA in the sera of 3-83Igi,H-2b-mb1Cre littermate controls (N = 7, open circles) and 3-83Igi,H-2b-R26-LSL-caMEK-GFP-mb1Cre 
(N = 7, filled squares) mice. **P ≤ 0.01; NS, not significant.
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induce general apoptosis of transitional B cells. This is evident 
by the overall normal B cell maturation observed in 3-83Igi,H-
2b,caMEK,mb1-cre mice. Thus, our data disagree with a general 
pro-apoptotic role of ERK in transitional B  cells (51). We did 
notice, however, a slight reduction in recirculating mature B cells 
in the bone marrow and of total B cells in the spleen of the caMEK 
mice (Figures  4D and 5B). Therefore, it is possible that these 
changes are caused by mechanisms of negative selection resulting 
from a small subset of caMEK-positive B cells acquiring greater 
than basal levels of ERK activation and subsequently undergo-
ing clonal deletion. Clearly, other possibilities exist such as ERK 
mediated alteration of cell trafficking.

This study, as well as our previous study (21), convincingly 
shows that the ERK pathway does not regulate Rag1/2 expression 
and, thus, receptor editing, in autoreactive immature B  cells. 
These findings contrast with published studies from other groups 
suggesting that ERK is able to inhibit receptor editing (45, 52). 
Although the basis for this discrepancy is not clear, we note that 
in our experiments caMEK increased pERK in (pervanadate-
treated) autoreactive cells to levels similarly expressed by NA 
immature B  cells and, thus, reflecting normal physiology. The 
other studies either used a B  cell lymphoma (52) which, as a 
transformed cell, possibly displays aberrant signaling properties, 

or employed ERK activated by a constitutively active form of RAF 
(45). Because in this latter study pERK levels were not reported, 
we cannot exclude the possibility they were higher than those 
promoted by caMEK in our studies, leading to distinct B cell fates.

Throughout our studies, we observed some discrepancies 
between the results we obtained from the in vitro B cell cultures 
and the in vivo mouse models. Namely, we saw that activation 
of the MEK-ERK pathway was able to promote differentiation 
of BCR-low cells in bone marrow cell cultures but not in mixed 
retrogenic bone marrow chimeras. There could be several reasons 
for this discrepancy. One of these is based on the knowledge that 
autoreactive B cells are better able to thrive in in vitro B cell culture 
systems than in in vivo mouse models (53), and this could also 
be true for BCR-low NA immature B cells. We also noticed that, 
although necessary, ERK activation is not sufficient to induce 
BAFFR expression on immature B cells. It may be argued that the 
generation of transitional B cells is more dependent on BAFFR 
expression and signaling in  vivo than in  vitro. BAFF has been 
shown to mediate B cell survival via ERK but also via PI3K-AKT 
(54, 55). Thus, expression of caMEK may relieve the requirement 
for BAFF-induced ERK activation in vitro, but not in vivo where 
activation of the PI3K-AKT pathway may be needed because of 
heightened cell competition. Overall, our data suggest that ERK 
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activation can overcome the requirement for tonic BCR and 
BAFFR signaling in the differentiation of immature B cells into 
transitional B cells in vitro, but not in vivo.

Because phospho-ERK levels are elevated in anergic B cells, 
it has been proposed that ERK activation may be responsible 
for the induction or maintenance of anergy (6, 43). However, 
whether ERK activation alone is able to induce a state of B cell 
anergy has never been directly tested. Our data show that there 
was no difference in the size of the T3 B  cell population in 
caMEK and control mice, suggesting that B cell-intrinsic ERK 
activation alone may not be sufficient to induce an anergic phe-
notype. It must however be noted that in these previous studies 
(6, 43, 46, 47, 49) pERK levels were measured by Western Blot 
and were typically not quantified. Therefore, we cannot exclude 
that quantitative differences in ERK activation between these 
and our studies are responsible for the differences observed in 
B cell anergy. Additional studies have suggested that constitu-
tive activation of the ERK pathway is responsible for inhibiting 
antibody responses to TLR agonists in autoreactive B cells (47, 
49). However, seemingly conflicting findings based on the use 
of conditional ERK deficient mice have shown that ERK activity 
is indispensable for BLIMP expression, generation of plasma 
cells, and T cell-dependent antibody responses (46). Although 
these data initially seem to be contradictory, it is possible that 
ERK activation in B  cells produces different outcomes at dis-
tinct stages of differentiation (i.e., transitional versus follicular 
B  cells), during T  cell-independent vs. T  cell-dependent anti-
body responses, or whether the B cells are autoreactive or not. 
Indeed, our data seem to support this idea by demonstrating 
that continuous activation of the ERK pathway in B cells of naïve 
mice enhances basal antibody production but does not promote 
autoantibody secretion.

It was surprising to find that constitutive activation of MEK-
ERK did not lead to general B cell activation, or to changes in 
numbers of marginal zone B cells whose development is regulated 
by BCR signaling (56). Despite a lack of general B cell activation, 
CD23 expression on B cells and levels of IgE in serum of caMEK 
mice were both elevated. It has previously been reported that 
IgE and CD23 regulate each other. Specifically, CD23 transgenic 
mice produce lower IgE (57), while B  cells of IgE transgenic 
mice show CD23 upregulation (58). Given we observed increase 
of both CD23 and IgE as well as higher levels of other Ig iso-
types (IgM, IgG), we conclude that B  cell-intrinsic expression 
of caMEK leads first to higher IgE production which in turn 
positively regulates CD23 expression on B cells. As mentioned 
above, mice with conditional deletion of ERK in B cells indicate 
ERK’s requirement for plasma cell generation (46). Our data 
showing enhanced serum Ig levels in caMEK mice support this 
conclusion.

Overall, our data indicate there are significant differences 
in the individual abilities of the RAS and ERK pathways in 
mediating B  cell selection and maturation both in  vitro and 
in vivo. ERK is often thought of as the main signaling mediator 
downstream of RAS. However, our findings clearly show that 
while basal activation of the MEK-ERK pathway in immature 

B  cells is necessary for the upregulation of BAFFR and the 
generation of transitional B cells, at least in vitro, activation of 
this pathway in vivo is not sufficient for overcoming defects in 
tonic BCR signaling and for breaking B cell tolerance, both in 
the bone marrow and in the periphery. Thus, these results argue 
that there are parallel pathways downstream of RAS and dis-
tinct from MEK-ERK signaling that converge to induce BAFFR 
expression, inhibition of receptor editing, and positive selection 
of developing B cells and that may additionally regulate autore-
active B cell generation in autoimmunity. We have previously 
shown that inhibition of PI3K also diminishes, to some extent, 
the cell differentiation induced by RAS activation in immature 
B  cells. In addition, PI3K is required for the RAS-mediated 
inhibition of receptor editing (21). This suggests that PI3K may 
be the pathway through which RAS mediates crucial signals in 
immature B cell selection and maturation and we are currently 
exploring this possibility.
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Germinal centers (GCs) are essential structures of the humoral immune response, which

form in the periphery in response to T cell dependent antigens. During the GC reaction,

B cells undergo critical differentiation steps, which ultimately lead to the generation

of antibodies with altered effector function and higher affinity for the selected antigen.

Remarkably, many of the B cell tumors have their origin in the GCs; thus, understanding

how the formation of these structures is regulated or deregulated is of high medical

importance. This review gives an overview of the transcription factors that have been

linked to the generation of GCs, and of their roles in the process.

Keywords: hematopoiesis, transcription factors, B cell development, germinal center (GCs), transcriptional

regulation, germinal center development, germinal center maintenance, plasma cell and memory B cell

differentiation

BACKGROUND TO B CELL DEVELOPMENT

B (and T) cells represent a unique model of cellular development, in which cells of multiple
differentiation stages can be identified based on surface markers and readily isolated. Owing
to these advantages, the lymphoid system has been used widely, beyond immunology, as a
developmental paradigm in which the role of transcription factors (TFs) or signaling molecules can
be tested experimentally. Several excellent reviews exist that describe in detail how B lymphocytes
develop, what regulatory circuits are critical, or the details of GC development (1–11). We will
therefore not discuss these aspects in detail, but will only give a high-level overview, and then focus
this review on the transcriptional control of GCs formation.

B cells originate and develop in the bone marrow from hematopoietic stem cells (HSCs) that
differentiate into progenitor stages of increasingly restricted potential. Once committed to the
B lineage, B cell progenitors go through several successive stages, at which key events of their
developmental fate take place. In particular, the PreB stage represents the phase during which
immunoglobulin (Ig) genes, which code for the antibody molecules, rearrange their DNA segments
in order to produce functional genes. The heavy chain rearranges first at the ProB stage, followed
by the light chain at the small PreB-II stage. Immature B cells then express IgM at their surface
and exit the bone marrow to enter the circulation and move to peripheral lymphoid organs such
as the spleen or the lymph nodes. There, marginal zone (MZ) B cells play vital functions in T
cell-independent humoral immune responses against blood-borne pathogens, follicular B cells can
capture antigen presented by Follicular Dendritic Cells (FDCs) and present it to CD4+ follicular
T helper cells (TFH) that are located around the B cell zone of the developing GC. This is the
time during which critical signals, sent by the TFH cells, induce isotype switching (so-called class
switching, which exchanges IgM for IgG) and expansion of B cell clones starts. These B cells are
called centroblasts and form the dark zone (DZ) of the GC. After several rounds of proliferation,
somatic hypermutation begins, a process by which the Ig DNA becomes mutated under the
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action of activation-induced cytidine deaminase (AID), leading
to the generation of diverse clones expressing antibodies with
different, potentially higher, affinity for antigen. From there, the
B cells (centroblasts) move to the adjacent region called the light
zone (LZ), where they express their antibody on the cell surface.
GC B cells in the light zone are called centrocytes and are in
a near apoptotic state. It is there that selection for the quality
(affinity) of the antibody takes place: based on the affinity of the
antibody for the antigen, the B cell can be eliminated or rescued
and sent back to the dark zone as centroblast for an additional
round of mutations, followed by renewed entry into the light
zone and further antibody affinity testing. At some point in this
dark zone–light zone selection cycle, the B cell expresses a high
affinity antibody and can now exit the GC as a plasma cell that
secretes high amounts of the antibody, or as a memory B cell
that is ready to be reactivated upon future encounter with the
antigen.

The rest of this review will put the emphasis on the
transcriptional control of the formation and function of GCs, and
highlight in particular TFs that are essential.

TRANSCRIPTION FACTORS REGULATING
GC FORMATION

GC Initiation
Initiation of the GC reaction involves activation of the B cell
receptor (BCR) by antigen engagement, followed by interaction
of these B cells with antigen presenting cells and TFH cells, which
provide further activation signals (2, 3). Figure 1 summarizes
the molecular networks regulating initiation and function of the
germinal centers reaction.

Transcription factors that are downstream of the BCR, such
as the transcription coactivator OBF1 (a.k.a. OCA-B, or Bob1),
a B cell-specific coactivator for the octamer transcription factors
OCT1 and OCT2, are critical for GC formation (15–18). Mice
deficient in Pou2f2 (encoding OCT2), Pou2af1 (encoding OBF1)
or both showed complete lack of GCs (19). The underlying
molecular mechanism is not clear yet, and the target genes of
OBF1/OCT2 in the context of the germinal center reaction are
largely unknown, although Spi-B which itself is required for GCs
(20, 21) has been identified as a downstream target of OBF1 (22).
Moreover, in CD4+ T cells OBF1 and OCT1/OCT2 directly bind
to the promoter region of Bcl6 and activate its transcription,
thereby promoting the development of TFH cells (23). The
putative role of these factors in regulating Bcl6 expression in early
GC B cells remains to be investigated.

BCL6 is a zinc finger TF that is essential for germinal center
formation, as Bcl6-null mice completely lack GCs and affinity
maturation (3, 24). During the early phase of the GC response,
antigen stimulated B cells rely on TFH cells for differentiation into
GC B cells, and interaction between TFH and B cells leads to the
upregulation of BCL6 (25). Moreover, the upregulation of BCL6
leads to stabilized conjugation between B and TFH cells, creating a
positive feedback loop that enhances the GC formation program
(3, 25). Failure in BCL6 upregulation prevents B cells from
entering GC clusters and impairs the upregulation of CXCR4, a

FIGURE 1 | Transcription factors controling GC formation. (A) Initiation of the

GC reaction in follicular B cells. For clarity, TFs are indicated in black, while

other molecules (e.g., receptors, cytokines, etc…) are in gray. B cell lymphoma

6 (BCL6) is essential for the initiation of germinal center, MEF2B, IRF8, IRF4,

BLIMP1, and TP53 are involved in regulating the expression of Bcl6. BCL6 and

Bach2 cooperatively (12) repress gene expression and thus allow the

establishment of the germinal center B cell program. MEF2C is required for B

cell survival post-antigen stimulation by upregulating the Bcl2l1. (B) Schematic

representation of the dark zone and light zone of the GC. The different TFs

involved are indicated, as well as some of the processes regulated (SHM,

Proliferation, anti-apoptosis, CSR), see text for further details. In the GC DZ,

AID is a key enzyme for SHM; its expression is controlled by PAX5, E2A, and

IRF8. POLH, LIG4, and DNaseI are required for SHM and are highly expressed

in DZ B cells. FOXO1 is a key factor for maintaining the GC DZ B cell program,

CCND3 is preferentially expressed in GC DZ B cells and YY1 is required for GC

DZ B cell proliferation and survival. NF-κB signaling and c-Myc are not

essential for GC DZ B cells. In the GC LZ, CD40 signaling stimulated NF-κB

further stimulates IRF4 expression, which suppresses Bcl6 gene (13, 14).

PAX5, E2A, and IRF4 are key factors in regulating AID level. BATF, a

downstream target of FOXO1, regulates germline transcripts (GLTs) in

centrocytes. GLT levels are highly correlated with accessibility of AID in CSR.

chemokine receptor expressed on germinal center DZ B cells that
is critical for the maintenance of GC structural integrity (25).

IRF4 is required at the early stage of GC formation. In
transplantation experiments, Irf4−/− B cells fail to differentiate
into GC B cells (26). Conditional knockout of Irf4 by CD19cre
which deletes from early B cells onwards leads to impaired GC
formation (26). In contrast, once GCs have formed or initiated,
IRF4 is no longer needed, as conditional knockout by Cγ1cre
which deletes in already formed GC cells has minimal effects
on GC differentiation (27). These results suggest that IRF4 is
required for the very early phase upon T-cell-dependent antigen
stimulation. Additional evidence supporting this idea is the rapid
upregulation of IRF4 following BCR stimulation (28). Moreover,
IRF4 is involved in modulating the expression of BCL6 and
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OBF1, which both are key factors for GC initiation (3, 26). Taken
together, IRF4 plays an important role in the early initiation
phase of GC formation, possibly by regulating the induction of
Bcl6 and Pou2af1.

IRF8 was reported to upregulate BCL6 and AID levels
in GC B cells (29, 30), and it was shown to promote GC B
cells survival by regulating the expression level of MDM2
(31). However, deletion of IRF8 in B cells did not affect
GC formation (32). Moreover, IRF8 is involved in the
regulation of the BCL6-related transcriptional program
in GC cells by directly interacting with BCOR (B cell
lymphoma 6 corepressor) and BCL6. In transactivation
assays, IRF8 augments the transcription repressive activity of
BCL6 (33).

MEF2C is required for the proliferation and survival of B
cells upon antigen receptor stimulation by upregulating the
expression level of Bcl2l1 (encoding the Bcl-xL protein) and
several cell cycle related genes (34). Specific deletion of Mef2c
in B cells leads to reduced proliferation and increased cell
apoptosis upon anti-IgM stimulation. However, the responses
are normal in the case of LPS, CD40, IL4, BAFF and RP105
stimulations. By histological examination, reduced number of
GC follicules are observed in the spleens of Mef2Cfl/fl-CD19cre
mice immunized with sheep red blood cells (SRBC) (34). MEF2B,
another member of the MEF2 family, has been found to be
mutated in ca. 11% of diffuse large B cell lymphoma (DLBCL),
which are GC-derived tumors (35). MEF2B directly activates Bcl6
transcription by binding to the regulatory region 1 kb upstream
of the Bcl6 gene transcription start site (35). Mutation of the
MEF2B binding motif in the Bcl6 gene promoter abrogates
Bcl6 transcription activity in cotransfection assays in 293T cells.
Furthermore, knockdown of MEF2B protein by shRNAs leads
to downregulation of BCL6 and upregulation of BCL6 target
genes. These data suggest that MEF2B plays an important
role in early GC formation by modulating Bcl6 expression
(35, 36).

BATF is a transcription factor of the AP-1 family, which
is involved in GC structure establishment and class switch
recombination. Batf−/− mice failed to develop normal GC
structures when immunized with SRBC, as characterized by a
lack of CD95 or GL7 positive B cells (37). Batf -null TFH cells lack
expression of the chemokine receptor CXCR5, which is essential
for GC structure integrity. Additionally, the expression of Bcl6
and c-Maf, both of which are important factors for TFH cells
development, is downregulated in absence of BATF (37).

c-MYC is another TF indispensable during the early phase
of germinal center formation. Its expression is induced already
1–2 days after immunization (38) and it is required for GC
maintenance, as conditional deletion of c-Myc by Cγ1cre leads
to impaired GCs (39).

GC Development
The dark zone and the light zone of the GC are organized by
the expression of the chemokine receptors CXCR4 and CXCR5,
respectively (40). Thus, one can expect that TFs critical for
CXCR4 and CXCR5 expression will be important for GCs.

GC Dark Zone
The germinal center DZ is characterized by an interconnected
network of CXCL12 expressing reticular cells and compactly
filled with rapidly proliferating centroblasts (41).

FOXO1 is highly expressed in human and mouse GC
B cells, and its expression is largely specific to DZ B
cells (with also some expression in naïve B cells) (42).
Like in Cxcr4−/− mice, GCs from Foxo1fl/fl-Cγ1cre mice
completely lack a DZ structure, while the differentiation
of plasma cells is normal (42, 43). Foxo1-null GCs lack
proper structural polarization and show an even distribution
of the FDC network (42). FOXO1, together with BCL6,
represses the expression of B lymphocyte induced maturation
protein 1 (BLIMP1), a key factor promoting differentiation
of GC B cells into plasma cells, which is encoded by the
Prdm1 gene. By binding to the Prdm1 promoter region,
FOXO1 and BCL6 maintain the germinal center DZ program
(42).

Bcl6-null GC precursor B cells fail to upregulate the expression
of CXCR4 (25), which is a crucial chemokine receptor for GC DZ
B cells. c-MYC is required throughout the early and late initiation
phases of GC formation, but is not expressed in the proliferating
DZ B cells (3), where it is repressed by BCL6 (38).

YY1 is required for GC B cell proliferation and GC
development at least partly by modulating cell apoptosis (44).
Deletion of Yy1 specifically in GC B cells leads to a significant
decrease in the number of DZ B cells, and elevated cell apoptosis
(44).

Somatic hypermutation (SHM)
SHM generates a wide repertoire of affinities toward specific
antigens, and mainly takes place in the DZ (45), although
some extrafollicular SHM has been reported in transgenic mice
deficient in the ability to establish GCs (46). AID, encoded by
the Aicda gene, is the enzyme responsible for SHM and class
switch recombination (47, 48). AID deaminates cytidines in
DNA (49–54), followed by error-prone repair involving different
DNA repair factors and ultimately leading to the introduction of
somatic mutations (55). Thus, transcription factors which affect
the expression ofAicda and DNA-damage tolerance related genes
should be important for SHM. E proteins (56), PAX5 (57) and
IRF8 (29) have been associated with positive regulation of Aicda
transcription.

FOXO1 is involved in SHM by affecting the protein level of
AID: Foxo1-null GC B cells show reduced level of AID enzyme,
while mRNA level of Aicda is unchanged. Therefore, Foxo1-null
GC B cells carry lower level of mutations in Ig locus than control
cells (58).

Irf8 mRNA level peaks in centroblasts, and IRF8 regulates
SHM by modulating the expression of Aicda and Bcl6:
knockdown of IRF8 by siRNA leads to decreased transcription
of Aicda and Bcl6 (29). By ChIP, IRF8 binds to the promoter
regions of Aicda and Bcl6 in both human and mouse B
cells. Furthermore, luciferase assays showed that IRF8 directly
regulates the transcription of Aicda and Bcl6 in HeLa cells
cotransfected with an IRF8 expression vector and a reporter
containing promoter regions of Aicda or Bcl6 (29). Moreover,

Frontiers in Immunology | www.frontiersin.org September 2018 | Volume 9 | Article 2026136

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Song and Matthias Transcription Factors in Germinal Centers

IRF8 promotes GC B cells survival by regulating the expression
level of MDM2 in the case of DNA damage (31).

Aicda expression is significantly reduced in activated B cells
in which the helix-loop-helix factor ID3 is ectopically expressed.
The possible mechanism is that ID3 inhibits the DNA-binding
activity of E-proteins which activate the expression of Aicda
(56, 59).

Light Zone
Three crucial B-cell developmental processes take place in the
GC light zone: (i) selection of B cells that produce high-
affinity antibodies, (ii) CSR, and (iii) initiation of centrocytes
differentiation into plasma cells or memory B cells (9).

After rapid expansion in the DZ, B cells migrate to the
LZ where those carrying high affinity B cell receptor genes
are selected. The BCR pathway plays a fundamental role in
this process: BCR signaling leads to phosphorylated AKT,
and activated AKT further phosphorylates FOXO1 which then
relocates from the nucleus to the cytoplasm (60). CD40
stimulation leads to NF-κB-mediated upregulation of IRF4
(13), which in turn represses Bcl6 transcription (61). Together,
these coordinated actions terminate the dark zone-associated
transcriptional programme and allow establishment of the LZ
transcriptome (13).

c-MYC is absent in most GC B cells, however, its expression
is induced in high affinity BCR presenting GC B cells when
receiving help from TFH cells, in a process that requires both
BCR and CD40 signaling (60). In addition to the requirement
of c-MYC activity during the initial stage of GC formation, c-
MYC is needed for GC maintenance in the late GC response
(38). With the help from TFH cells, c-MYC is transiently
induced and upregulated in a small fraction of high affinity
BCR expressing GC B cells within the LZ compartment. The
Omomyc protein inhibits c-MYC function by antagonizing its
DNA binding activity (62). Specific inhibition of c-MYC function
by Doxycyclin-induced Omomyc expression in late GC B cells
(10 days post-immunization by SRBC) leads to reduced GC size,
indicating that c-MYC is required for GCmaintenance once GCs
are established (38).

Affinity maturation
FOXO1 is necessary for effective antibody affinity maturation:
SHM frequency is comparable between WT and Foxo1-null
GC B cells, but a severely decreased number of GC B cells
harboring high affinity antibodies is observed in Foxo1-null GCs
(42). Furthermore, Foxo1-null GC B cells have a lower level of
cell surface BCR and are ineffective in activating TFH cells in
the LZ; this leads to lower stimulation of TFH cells in the GC
microenvironment and reduced production of IL-21, a cytokine
that is vital for antibody affinity maturation (58). Thus, FOXO1
regulates antibody affinity maturation through both antigen
presentation and TFH cell activation (42, 58).

c-MYC is transiently induced in LZ B cells after receiving help
from TFH cells (38); selected GC B cells with induced c-MYC
present high affinity BCR on the cell surface, and subsequently
migrate into the DZ for the next iteration of proliferation and
SHM (38, 39). However, in Foxo1-null GC B cells, the expression

level of c-MYC is downregulated even under the help from TFH

cells. BATF, which controls the expression of Aicda, is another TF
downregulated in the absence of Foxo1 (58).

Class Switch Recombination
Like SHM, CSR also requires the expression of Aicda (47, 48).
However, CSR depends on a different domain of the AID protein
(63, 64). It is worthwhile mentioning that CSR already takes place
before the GCs are formed, following B cell activation (65, 66).
Much of the knowledge about CSR and the required factors
originates from in vitro B cell activation experiments.

IRF4 was shown to regulate CSR in CD40 and IL4 stimulated
B cells (27, 67). In the absence of IRF4, the Aicda expression
level is decreased (67), and CSR is impaired (67). However, the
expression of other genes important for CSR, such as Ung or
Msh2 remains normal in Irf4−/− B cells. Therefore, the CSR
defects in Irf4-null B cells seem to mainly reflect the impaired
Aicda expression (67).

FOXO1 deficiency results in impaired class-switching: the
compartment of Igg1-switched B cells in Foxo1-null GCs is
heavily reduced, with accumulation of IgM+ GC B cells. Yet, the
expression level of Aicda is similar between WT and Foxo1fl/fl-
Cγ1cre GC B cells (42). In addition, Foxo1-null GC B cells
display significantly lower expression of germline transcripts
(GLTs) across the Ig locus. GLTs coincide with open chromatin
and allow the exposure of switch regions to AID, which in turn
induces single-strand DNA breaks through which class switch
recombination is accomplished (68, 69). Thus, lower levels of
GLTs correlate with reduced accessibility of AID toward the
class switch regions. At the molecular level, FOXO1 possibly
modulates GLT and post-switch transcripts by binding to I-mu,
the 3′ IgH enhancer and a super-enhancer (70) in the Ig locus.
Moreover, the transcription factor BATF, which is necessary
for the expression of Ig GLTs and subsequent CSR (37), is
downregulated upon FOXO1 depletion (42).

PAX5 binds to the promoter region of Aicda and activates its
expression. Overexpression of PAX5 in a ProB cell line induces
the expressionAicda, while ID2 has an antagonizing effect on this
induction. Moreover, PAX5, E2A, and AID directly interact with
each other and form a complex, which contributes to directing
AID to the Igh locus for CSR (71). In addition, ID2 and ID3
negatively regulate CSR by repressing Aicda expression (56, 57).

BATF directly controls the expression of Aicda. By ChIP-
seq and EMSA, BATF was shown to bind to the regulatory
region of Aicda. In line with this, the expression level of
Aicda is downregulated in Batf−/− mice (37). Consequently,
production of isotype switched antibodies is almost completely
missing, although IgM production upon T-cell-dependent or
-independent antigen stimulation is still normal in Batf−/−

mice (37). Moreover, Batf−/− mice display a reduction in GLTs
from different isotypes, except those from µ-chain. Germline
transcription initiated by switch region (I) region promoters,
located upstream of the different constant heavy chain exons,
is required for AID targeting and successful CSR (8, 54). Taken
together, BATF regulates CSR by modulating the expression of
Aicda and GLTs from the Ig locus.
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TFs Controlling the Migration of Cells Between Dark

and Light Zone
The LZ-to-DZ transition is mainly driven by high affinity
antibody presentation on the surface of GC B cells and the
subsequent help from TFH cells toward high affinity antibody LZ
cells (58, 72–74).

Foxo1-null GC B cells showed reduced level of surface BCR
and Igβ when compared to WT cells (58). Therefore, reduced
antigen presentation on Foxo1−/− GC LZ B cells fails to
effectively activate TFH cells, resulting in lower number of TFH

cells and decreased production of IL-21, an important cytokine
for GC B cell differentiation and affinity maturation promoted
by TFH cells (75, 76). Moreover, Foxo1-null GC LZ B cells express
less IL21R, further abrogating the ability to receive help from TFH

cells (BCR and CD40 signal). Therefore, the LZ-to-DZ migration
of selected cells is impaired in the absence of Foxo1 (58) and
Foxo1-null GC B cells are trapped in the LZ compartment.
Furthermore, Foxo1-null GC B cells showed lower proliferation
rate in the LZ compartment, in spite of harboring a high affinity
BCR, indicating defects in cyclic reentry mediated by help from
TFH cells which is coupled with the LZ-to-DZ migration (58).

Interaction between high affinity BCR expressing LZ B cells
and TFH cells leads to activation of c-MYC expression (60), which
promotes cyclic reentry and LZ-to-DZ migration (58).

Differentiation: Memory/Plasma Cell Fate
Decision
Figure 2 summarizes the molecular networks involved in plasma
cell and memory B cell differentiation.

Transient and low expression of Irf4 leads to the expression
of Bcl6 and Pou2af1 during the early phase of GC formation,
while sustained and high level expression of Irf4 is required for
plasma cell differentiation (26). Irf4 expression is induced to a
high level in the fraction of LZ B cells which present high affinity
antibodies (26, 28). BLIMP1 is a transcriptional repressor that
is essential for plasma cell development: Prdm1-deficient mice
cannot produce plasma cells and overexpression of BLIMP1 is
sufficient to induce plasmablast differentiation (77, 78). Prdm1 is
a downstream target of IRF4, and BLIMP1 can further increase
the level of IRF4, thus reinforcing the plasma cell differentiation
program in a feed forward loop (26, 79). Morever, BLIMP1
represses the expression of Aicda (79) and Abf-1 (80).

BLIMP1, together with IRF4, acts upstream of X-box binding
protein 1 (XBP1), a transcription factor that is essential for
upregulation of the secretory apparatus required for antibody
production in plasma cells (27, 81, 82). PAX5 represses XBP1
and thus prevents plasma cell differentiation (83). Conversely,
downregulation of Pax5 by BLIMP1 is a necessary step for
induction of Xbp-1 and activation of the plasma cell program
(81, 84). However, in the absence of IRF4, BLIMP1 alone is
not sufficient for plasma cell differentiation. Moreover, BLIMP1
is required for post-transcriptional regulation of XBP1 mRNA,
by which the active form XBP1 protein is generated (85).
XBP1 directly regulates Pou2af1 expression in plasma cells (86),
which might be important for IgG production, since OBF1 and
OCT2 are required for normal IgG expression (87). Irf4-deficient

FIGURE 2 | Exit from the GC: memory vs. plasma cells. The top scheme

highlights the cycling of B cells between the dark zone and the light zone. The

gradients of the chemokine receptors CXCR4 and 5 are indicated, as well as

the processes involved. GC B cells proliferate and undergo somatic

hypermutation (SHM) in the GC DZ, and then migrate to the light zone where

the affinity of mutated BCRs is selected. B cells with high affinity BCR are

selected to reenter the DZ for several rounds of SHM or can differentiate into

plasma cells. Memory B cells are mainly originated from B cells with low affinity

BCR. The alternative fates of B cells exiting the GC are depicted at the bottom:

plasma cells or memory B cells. The main networks that have been identified

are indicated. In the plasma cell differentiation pathway, PU.1 and IRF8

negatively regulate plasma cell differentiation. IRF4 and BLIMP1 form the

central axis in establishing plasma cells. BLIMP1 further suppresses the

expression of Aicda, Bcl6, Pax5 and c-Myc genes and finally terminates the

GC program. BLIMP1 positively regulates Xbp1 expression, makes the cells

ready for antibody production and secretion. ABF1 promotes memory B cell

differentiation and inhibits plasma cell differentiation. ZBTB32 and KLF2 are

highly expressed in memory B cells.

(Cγ1cre) mice completely lack CD138+ (aka Syndecan1hi)
plasma cells in spleen, peripheral blood and bone marrow
(27). In addition to the important yet mechanistically unclear
role of OBF1 in the early development of GC formation, this
factor is required for antibody production (both unswitched
and switched isotypes) in T-dependent antigen stimulation and
normal antibody secreting cell differentiation, as the number
of antibody-secreting Syndecan1hi cells is dramatically reduced
in absence of OBF1 (88). Moreover, OBF1 is required for the
induction of Prdm1 (88). Taken together, IRF4 and BLIMP1
function together to drive the transition from GC B cells to
plasma cells by repressing the GC program and enhancing the
plasma cell differentiation program.

In contrast, IRF8 together with PU.1 inhibit the GC B cell
differentiation toward plasma cells, suggesting that the balance
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between IRF4 and IRF8may be critical for the fate of B cells at this
developmental transition (89). In addition, STAT3 regulates the
differentiation of plasma cells possibly by promoting cell survival
through activating the expression of pro-survival genes such as
Bcl2l1 andMcl1 (90, 91).

It is not resolved yet which transcription factor(s) play
a major role in regulating the differentiation of memory B
cells (92); however, recent evidence suggests that memory
B cells originate from the low affinity compartment of the
LZ (92, 93). Comparison of the transcriptome profiles from
high- and low-affinity BCR expressing GC B cells in the LZ
compartment showed that genes involved in DZ maintenance
and cyclic reentry are downregulated in low-affinity fractions
(with switched isotype), where Bach2 and Pax5 are upregulated
(93). As indicated above, upregulation of these transcription
factors blocks plasma cell differentiation (94–96).

BACH2 regulates LZ B cells to commit to the memory B cell
differentiation path in a dosage dependent manner, as complete
knockout or haploinsufficiency of Bach2 lead to lower memory
B cell differentiation (93). Furthermore, TFH cell interaction and
affinity maturation in LZ compartment are negatively correlated
with Bach2 expression, thus confirming that memory B cells
are generated from low affinity fraction in the LZ compartment
(92, 93).

Activated B cell Factor 1 (ABF-1), a helix-loop-helix TF
predominantly expressed in memory B cells, blocks the plasma
cell differentiation program (80). An inducible ABF-1-ER mouse
model demonstrated that induction of ABF-1 promotes GC
formation and memory B cell differentiation (80, 97). ZBTB32
and KLF2 are two factors expressed in memory B cells and which
inhibit the GC response (98). They have been associated with
memory B cells (99), but further mechanistic studies are needed
to understand their specific role. BCL6 is a known inhibitor of
plasma cell differentiation which directly represses the expression
of Prdm1 (100, 101). STAT5 directly modulates the expression

level of Bcl6, which in turn directly represses Prdm1 expression,

and thus promotes memory B cell differentiation.

OUTLOOK AND OPEN QUESTIONS

A central theme is that often multiple distinct TFs act in concert
to promote, or repress, specific steps of GC development. Some
factors, such as BCL6 or BLIMP1, are considered to be master
regulators for GC or plasma cell development, respectively. Yet,
many other factors have been shown to be important (FOXO1,
IRF4) or sometimes essential (OBF1, OCT2). In most cases,
however, additional mechanistic studies are required to precisely
understand how these factors fit in the overall regulatory
circuitry. Moreover, it is often not clear how the TFs perform
their function in this biological paradigm: which co-activators
or co-repressors are involved and what epigenetic regulators are
required?

Finally, intensive investigations have been conducted to
understand the interaction between high affinity BCR expressing
GC B cells and TFH cells, yet little is known about how GC B cells
are determined by transcriptional regulators to proceed with the
LZ-to-DZmigration, or commit to the plasma cell differentiation
cascade.
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The work on normal B lymphocytes, immunoglobulins, and antigenic stimulation performed at
the Basel institute in the early ‘90s, also by Anton G. Rolink, shaped and molded the way B cell
lymphomas and in particular Chronic Lymphocytic Leukemia (CLL) are interpreted today.

Words like Immunoglobulin rearrangements, somatic mutations, and B Cell Receptors, which 25
years ago were of interest only to basic immunologists like Ton, became common and trivial (if
ever possible) terms also in hematological and clinical gatherings. Nowadays immunologists are in
fact regularly invited to such meetings as key-note speakers to explain the basic functionality of the
immune system, which has direct implications on the daily clinical practice.

During that pioneering period we also learnt that animal models were not merely a surrogate
tool for human organisms, necessary only for obvious reasons of simplicity and convenience,
but on the contrary that they may provide precise insights that could be directly applied to the
human system. This turned out to be true in the case of the maturation process of B lymphocyte
progenitors and precursors in the bone marrow, as we demonstrated that the developmental
ordering of the different stages of differentiation in human bone marrow were superimposable
to those described by Ton years earlier in mice, with only few small but potentially interesting
differences in phenotypic markers (1, 2). In light of such evidence, additional observations on
B cell aging in mice and men have also been made, pointing to a progressive decrease of B cell
production with age in both organisms (3) and to a restriction of the diversity of the repertoire,
as underscored by the appearance of clonal B cell populations consisting of plasma cells or mature
(mainly CD5+) B cells in the spleens of aged mice (4). Monoclonal Gammopathy of Undetermined
Significance (MGUS) a premalignant phase for Multiple Myeloma (5) typical and common in the
elderly, can be considered the human counterpart of murinemonoclonal plasma cell expansions. At
that time, no expansions of CD5+ mature B cells were known in aging individuals. In a subsequent
publication (3), we initially suggested that CD5+ B cell clonal populations present in oldmicemight
be considered analogous to precursors of Chronic Lymphocytic Leukemia (CLL), themost frequent
B cell neoplasm in the elderly (6), which is characterized by clonal expansion of CD5+ B cells and
for which no pre-leukemic phase was defined.

Few years later, such reasoning justified a large observational study involving hundreds of
healthy elderly individuals in a quest for clonal expansions of mature B cells using high-sensitive
flow cytometric techniques, not in spleens or lymphoid tissues as in mice but in the best surrogate
available in humans i.e., the peripheral blood (7). This led to the discovery of either CD5− or CD5+

monoclonal B lymphocytes in almost 10% of individuals above 40 years of age with an increasing
frequency associated with age, peaking at an impressive 50% in healthy individuals aged more than
90 years (8). Similar observations became at the same time available from the UK (9), Spain (10),
and the US (11, 12), suggesting the universality of the phenomenon that has been later defined by
an international consortium asMonoclonal B cell Lymphocytosis (MBL) (13), potentially involving
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either CD5− or CD5+ B lymphocytes. CD5+ MBL is the
most frequent, accounting for two thirds of all MBL, and is
characterized by the presence of monoclonal B cells with a
phenotype identical to CLL (CD20dim, CD5+, IGdim) in the
peripheral blood, at concentrations lower than those required for
the diagnosis of CLL (5 × 109/l) (13). Later on, we reported that
MBL can be further distinguished into “low-count” MBL (LC-
MBL) and “high-count” MBL (HC-MBL), based on the number
of circulating CLL-like cells (more or less than 0.5 × 109/l,
respectively) (14). The former does not virtually progress into a
clinically relevant disease and may be considered an interesting
model to study B cell aging (15), while the latter may evolve into
a clinically relevant CLL at a rate of 1% per year (9, 16) and may
be considered a real pre-leukemic phase of CLL (12), with all the
obvious clinical and pathogenetic implications. All these findings
recently provided ground for the inclusion of MBL as a new
disease entity within the classification of lymphoid neoplasms by
theWorld Health Organization (WHO), similarly toMGUS (17).
Nowadays, there are patients around the world diagnosed and
followed-up because of the presence of MBL.

While MBL showed us, thanks to cross-fertilization between
mouse and human immunology, how discoveries can sometimes
be predictable, the progress of science remains unpredictable
in other instances. This is best exemplified by Immunoglobulin
genes, a unique exception to the gene-protein dogma in genetics
because of the rearrangement process and the introduction of
mutations, making them probably one of the most enlightening
models of nature adaptation but also the least digestible concept
to medical students and alike. The first study to show the
developmental order of B progenitor and precursors of the B
lymphocytes in the human bone marrow, performed at the Basel
Institute under Ton’s supervision, was entirely based on the
description of the rearrangement status of the Immunoglobulin
Heavy and Light chain gene loci, assessed at single cell level
(2). In a pre-internet era, the gene sequences for all IG loci
could only be collected one by one from printed text books
and volumes and needed to be manually curated and aligned,
a work that nowadays can be done online in a click. At that
time, all that work appeared frustratingly far from the possibility
of a concrete application in medicine. A few years later, that
knowledge unexpectedly became crucial to better understand
the pathogenesis of CLL, following the seminal observation
that the presence of somatic mutations within the rearranged
clonotypic IGHV genes associated with a better clinical outcome
and prognosis in CLL patients (18, 19). This originated from the
analysis of somatic hypermutation in neoplastic B cells to track
back the cell of origin of mature and immature B cell neoplasms.
Strangely enough, CLL, the easiest leukemia to diagnose with
a typical and unique phenotype, was indeed a mixture of
cases with and without somatic mutations within the IGHV
genes, which puzzled all hematologists (and immunologists
alike) (20). This observation fueled endless discussions and
experiments aiming at clarifying the distinct origin of these
2 subsets of CLL while trying to explain the remarkable
uniqueness of the surface phenotypic appearance (21). Only
more recently several studies demonstrated that indeed the
presence of somatic hypermutations was associated with deeper

and more prolonged responses to immunochemotherapy, in
particular to the combination of fludarabine, cyclophosphamide,
and rituximab (FCR), the gold standard for the treatment of
young, fit CLL patients. IG-mutated patients experience long
term remissions reaching a plateau on the PFS curve, with no
relapses beyond 10 years, an unprecedented finding in a disease
that is still considered incurable (22–24). This transformed the
IGHV gene mutational status from a prognostic marker in CLL
into a predictive factor, allowing for a better upfront selection
of the patients who are more likely to benefit from the use
of immunochemotherapy. Testing for IGHV gene mutations is
now recommended in the recent update of the guidelines by the
International Workshop on CLL (iwCLL) (25), where it is stated
that the determination of the somatic hypermutation status of
the IGHV genes should always be performed before deciding the
treatment of a patient with CLL, as it has relevant implications
on the choice of the most effective treatment. This is now
probably one of the most prominent examples of personalized
medicine approaches that is envisioned in many types of cancer
but that in CLL has become reality. A validated consensus
methodology for reliable clinical-grade analysis of IGHV genes
has been established by the European research Initiative on CLL
(ERIC) and moved out of research laboratories into diagnostic
facilities (26).

From a scientific point of view, IG gene analysis also became
central in the study of CLL pathogenesis and culminated
with the creation, as part of an international consortium
(IgCLL, www.igcll.com), of a world-wide database collecting
to date over 30.000 IG sequences from CLL patients. This
remarkable collection helped identify and consolidate the
unexpected finding that different unrelated CLL patients share
very similar if not identical sequence motifs within the—
variable heavy chain complementarity determining region
3 (VH CDR3), thus defining “stereotyped” B-cell receptor
(BcR) (27). This made it possible to group at least 30%
of CLL patients into subsets with similar BcR that, besides
similar immunogenetic features, also share similar molecular
and functional features and clinical prognosis beyond the
simplistic dichotomy of mutational status (28). From an
immunological point of view, the presence of stereotypy suggests
the recognition of common structures, thus implying that CLL
ontogeny is not stochastic but rather driven by interactions
between the clonogenic cells and a restricted set of antigenic
elements (27).

Thanks to all these molecular findings, it became evident that
immunoglobulins and in particular the entire B cell receptor are
central players in CLL pathogenesis, even overshadowing in some
occasions the role of genetic aberrations. At variance with many
other B cell neoplasias characterized by a single distinct genetic
abnormality, a number of gross genomic abnormalities including
deletion 11q, 13q, 17p, and trisomy 12, are found in different
proportions of CLL cases (29). Moreover, high-throughput
studies have revealed a further remarkable genetic heterogeneity,
with certain genes (NOTCH1, SF3B1, TP53) mutated in only
10–15% of patients (30–32) and others mutated at even lower
frequencies (e.g., NFKBIE, RSP15, EGR2) (33). No unifying
genetic mechanisms or lesions have thus been identified insofar.
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On the contrary it has been demonstrated that the signaling
pathway downstream of the BcR is active in all cases of CLL,
regardless of the mutational status and immunogenetic features
of the patient (34). This is particularly true in the leukemic cells
obtained from lymph nodes, where CLL cells are believed to
encounter the relevant antigenic elements in the context of the
so-called proliferation centers, considered the reservoir of the
disease: there, leukemic cells get to proliferate and expand also
thanks to additional signals originating from T cells, stromal cells
and monocytic-derived cells, or through other immune receptors
such as the TLRs.

In a proportion of cases, a number of foreign or auto-antigens
(35, 36) have been identified as able to interact and stimulate
the leukemic BcR, in particular neoantigens, newly exposed in
the context of apoptotic bodies produced during physiological
cell turnover. However, the notion that classic auto-antigen
recognition and binding is important for CLL ontogeny has
been challenged by the recent demonstration of cell-autonomous
signaling, a novel type of signal generation, occurring specifically
in CLL amongst B cell lymphomas, through self recognition as a
result of the interaction of the leukemic BcR IG with a conserved
epitope of the same or adjacent BcR IGs (37). Autonomous
signaling has first been demonstrated in B cell precursors where
the pre-BCR has evolved to ensure self-recognition, allowing
for positive selection at the pre-B cell stage (38). Interestingly,
different portions of the Immunoglobulin are recognized by
different stereotyped receptors, each with affinities that appear
to associate with distinct clinical outcomes and/or biological
responses (39). This heterogeneity resembles the long-known
evidence that antigen-dependent stimulation in CLL may also
be pleiotropic and may associate with clinical outcome, ranging
from full activation and proliferation to anergy and survival
(40). The former appears to be typical of more aggressive CLL,
particularly with unmutated IGs, while the latter associates with
more indolent cases, usually with mutated IGs, thus providing
a functional basis for the clinical heterogeneity of the disease.
It still remains to be elucidated how antigen-dependent and
autonomous signaling cooperate in the onset and maintenance
of CLL.

Despite the molecular evidence of the centrality of the BcR
in CLL, the final proof that the BCR stimulation is crucial in

all cases of CLL, regardless of the differences in mutational
status, antigenic affinities or strength of autonomous signaling,
has come from the impressive and virtually universal efficacy of
the therapeutic inhibition of the BcR signaling pathway in CLL
patients.

The accumulating knowledge of the biology and immunology
behind CLL has been applied to the research for innovative
therapies, leading to the design and approval of novel
mechanism-based drugs such as ibrutinib (41) and Idelalisib
(in association with the anti-CD20 antibody Rituximab)
(42), targeting molecules downstream the BcR, namely BTK
and PI3Kδ. Both drugs have shown greater efficacy and
better tolerability than chemoimmunotherapy and have even
dramatically changed the prognosis of high-risk CLL patients,
including those with TP53 aberrations.

Thanks to the immunological knowledge (and human
wisdom) that has developed at the Basel Institute also thanks to
Ton Rolink, all physicians may find themselves less at loss in a
changing world of hematology where immunology has become
central for understanding neoplastic diseases to the benefit of the
patients. As unexpected as this was, it has become reality and it
should encourage us all to be in part immunologists if we want to
better understand the pathogenesis of leukemias and lymphomas.
Andwe should all teach future generations to do sowith fun every
day!
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The advent of induced pluripotent stem cells (iPSCs) together with recent advances in

genome editing, microphysiological systems, tissue engineering and xenograft models

present new opportunities for the investigation of hematological diseases and cancer

in a patient-specific context. Here we review the progress in the field and discuss the

advantages, limitations, and challenges of iPSC-based malignancy modeling. We will

also discuss the use of iPSCs and its derivatives as cellular sources for drug target

identification, drug development and evaluation of pharmacological responses.

Keywords: cancer, blood disorders, hematopoietic malignancies, induced pluripotent stem cells, model systems

INTRODUCTION

Hematological diseases and cancers are devastating diseases with a high economic and social
burden. Generally basic and preclinical cancer research relies on model systems in order to
understand the cellular and molecular mechanisms of the malignant state at the cellular, organ
and organism level. The hope is that the information gained from such model systems will be
helpful in devising precise, effective, and personalized therapeutic strategies. Prototypically, these
model systems include immortalized cell lines and genetically engineered, mutant mice. More
recently, advanced patient-derived models such as conditionally reprogrammed cells (CRs) (1–3),
patient-derived tumor xenografts (PDXs) (4), CRs combined with PDXs (5), and three-dimensional
patient derived organoid cell cultures (6–9), engineered tissues (10–12), and microphysiological
systems (MPSs) (13–20) have attracted the interest of the biomedical research community.
One particular (r)evolution in modern era biomedical research arose with the breakthrough,
Noble-prize awarded discovery of induced pluripotent stem cell (iPSC) generation from somatic
cells (21–24). These iPSCs are akin embryonic stem cells, and can be maintained indefinitely in
a self-renewing, undifferentiated pluripotent state in culture and be directed to differentiate to
any cell type in the body, provided the right cues. Thus, the derivation of iPSCs from patient
cells provides a new tool in the arsenal for investigation of disease and cancer pathogenesis, drug
development and precision medicine (Figure 1).
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INDUCED PLURIPOTENT STEM CELL
MODELS OF HEMATOLOGICAL DISEASES,
BLOOD CELL CANCERS AND
NON-HEMATOPOIETIC CANCERS

The use of iPSCs in the study of hematological diseases, cancer,
and tumorigenicity is gaining momentum. It started with the
generation of iPSCs from a human melanoma and a human
prostate cancer cell line in 2008 (25). Since then numerous
malignant cell lines have been reprogrammed that represent
among other organs the brain, intestine, liver, lung, pancreas,
prostate, and skin, as well as the blood (26–37) (Table 1).

The reprogramming of cancer cell lines was soon followed
by the generation of iPSCs representing various hematological
diseases, blood cell cancers, and non-hematopoietic cancers
(38–77) (Table 2). These iPSCs were derived from primary
patient cells, cancerous tissues or patient cells harboring
known oncogenic lesions. In Table 2 we summarize whether
functional assays were performed in attempt to phenocopy
the disease/malignancy, describe the phenotypes observed and
whether the studies used genome editing to either create or
correct disease/cancer-associated mutations.

ADVANTAGES OF iPSCs

One of the main advantages of the iPSC technology is that
hematological disease-associated and malignant lesions can be
studied with human cells and in the genomic context of the
patient. This is of considerable importance given that certain
non-human models are not reflective of the human condition.
An example is familial platelet disorder with a tendency to
develop acute myeloid leukemia (FPD/AML) that is caused
by inherited monoallelic mutations in RUNX1 (80). FPD/AML
presents with mild to moderate thrombocytopenia and bleeding
due to impaired proplatelet formation, platelet activation defects,
abnormal megakaryocyte differentiation and polyploidization,
and a predisposition to develop AML (81). Neither, mouse nor
zebrafish models of RUNX1 mutations do develop a bleeding
disorder or leukemia. In contrast, FDP/AML-iPSC derived “early
wave” and “second wave” hematopoietic stem/progenitor cells
showed aberrant hematopoiesis as occurs in FDP/AML patients
(38, 42, 52, 64). Additionally, a person’s genomic background
greatly influences disease/cancer severity and progression as well
as therapeutic response. Second, iPSCs provide a self-renewable,
cryopreservable source of cells that are scalable to fulfill any
need in cell numbers for cellular, biochemical, molecular, and
other downstream applications. Third, with the appropriate cues
and protocols iPSCs can be differentiated in vitro to many,
in the future hopefully all cell types present in the body,
enabling the study of multi-cell type affected diseases/cancers
with one patient iPSC source. As an example, Tulpule et al. were
able to show that Shwachman-Diamond syndrome (SDS)-iPSCs
were impaired in both exocrine pancreatic and hematopoietic
differentiation with reduced myeloid cell generation in vitro,
increased apoptosis, and elevated protease activity recapitulating
SDS patient phenotypes (70). Forth when the somatic cells

used to generate iPSCs are isolated from primary hematological
diseases/cancers or metastatic tumor specimens of non-germ
line malignancies through biopsy, a bone marrow aspirate or
blood sampling, normal cells will be inadvertently co-isolated
along the malignant cells. Thus, the same reprogramming event
can simultaneously generate paired malignant and normal iPSCs
that share the same genetic background with exception of the
disease-associated/cancerous lesion(s) in the malignant iPSCs.
Distinguishing the normal iPSCs from the disease/cancer iPSCs
has to be done retrospectively through genetic analysis (33,
55, 73). Alternatively, isogenic normal iPSCs can be established
independently through a separate reprogramming experiment
with somatic cells obtained from a non-malignant area adjacent
to the tumor, a biopsy from an unaffected tissue such as the
skin or from blood in the case of non-hematological disorders
or cancers (33, 82). Another advantage of the iPSC technology
is that reprogramming of malignant cells might establish iPSCs
that represent various stages of disease progression, as cancers are
often associated with serial accumulation of specific malignant
mutations/lesions. Papapetrou et al. elegantly demonstrated this
by using bone marrow or peripheral blood from four patients
in different risk categories of myelodysplastic syndrome (MDS)
or MDS/AML (56). They were successful in generating a library
of iPSC lines that represents various disease stages including
normal/healthy, preleukemia, low-riskMDS, high-riskMDS, and
MDS/AML. The derived iPSC lines carried the respective gene
mutations and chromosomal abnormalities found in the patients’
bone marrow or peripheral blood cells used for reprogramming.
Moreover, hematopoietic differentiation of these iPSC lines
representing the various disease stages captured corresponding
cellular phenotypes of graded severity and disease specificity.

LIMITATIONS AND CHALLENGES OF iPSC
MODELING OF HUMAN MALIGNANCIES

Modeling hematological diseases and cancers with patient-
specific iPSCs could face various hurdles due to technical,
genomic stability and epigenome resetting challenges. It has been
reported that some cancer cells are refractory to reprogramming
(83, 84). This can have several reasons. For one, certain cancer
cells and cells representing diverse stages may be difficult or
even impossible to obtain and maintain for reprogramming
purposes. Second, hematological diseases and cancers are often
heterogeneous in nature, and reprogramming may preferentially
select for cells with certain mutations and chromosomal
aberrations and not others. Thus, the possibility exists that
the panel of iPSC lines generated might not represent the
entire heterogeneous composition of the patients’ malignancy.
Third, some cancer-associatedmutations or genetic lesionsmight
interfere with the reprogramming process itself or prevent
maintenance of the pluripotent state. Fourth, even if iPSCs
from patients with certain genetic lesions could be established,
the specific lesions may render the cell genomically unstable.
This will lead to acquisition of additional mutations and
genomic abnormalities, which no longer reflect the cancer’s
genomic footprint and make the cells useless for proper disease
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FIGURE 1 | Application of iPSC in disease/cancer modeling, pharmacology, and precision medicine. Patient samples can be collected from a variety of tissue source

depending on the need and reprogrammed to iPSCs. These iPSCs can be genome-modified to introduce or correct specific mutations or lesions to generate isogenic

iPSC lines for comparative analysis. These iPSC lines can be differentiated into cells of interest (cell type of origin of the malignancy or unrelated cells that may be

affected by adverse drug events/toxicity). These differentiated cells can then be integrated, also with other cell types, into engineered tissues, organoids, and

microphysiological systems, or xenografted into appropriate in vivo model systems. These systems can then be interrogated for understanding disease/cancer

mechanisms and signaling pathways, drug discovery and evaluation, and deriving precise personalized therapies.

modeling. Examples of unsuccessful reprogramming include
the inability to establish iPSC lines from highly purified
leukemic blast cells from patients with cytogenetically different
subtypes of B cell-ALL (B-ALL) (84), and form Fanconi
anemia (FA)-fibroblasts in one case (83). It is noteworthy to
mention that FA-iPSC lines have been successfully generated
(62, 68, 75). However, the FA pathway facilitates efficient
reprogramming (62) and FA cells are genomically instable
and predisposed to apoptosis (85). The latter is reflected
by the observation of Yung et al. who showed that their
FA-iPSC lines acquired significant additional abnormalities
(hyperploidy) (75). The success in generating FA-iPSC likely

might be dependent on the reprogramming condition—hypoxia
appears better than normoxia (62) -, which FA-associated gene
(fifteen genes constitute the FA complementation group) is
mutated or even the kind of mutation. The derivation of
AML-iPSCs, although successful for three AML patients with
rearrangements in KMT2A/MLL (41, 59), has failed for AMLs
with different mutations or lesions as well as KMT2A/MLL
leukemic aberrations (41, 59). Stanford et al. also reported
that TSC2-deficiency represents a barrier to reprogramming
(53), while TSC2-happloinsufficient allowed iPSC generation
with TSC2+/−-iPSC-derived smooth muscle cells recapitulating
Lymphangioleiomyomatosis (LAM) features including increased
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TABLE 1 | Human cancer cell line-derived iPSCs.

Cancer type Cell line reprogrammed References

Breast cancer MCF-7 (34)

Cholangiocellular cancer HuCC-T1 (27)

Chronic myeloid leukemia KBM-7 (28)

Colorectal cancer DLD-1, HCT116, HT-29 (27)

Esophageal cancer TE-10 (27)

Ewing’s sarcoma SK-NEP1, CHLA-10 (30, 36)

Gastric cancer MKN45 (27)

Glioblastoma multiforme Glioblastoma multiforme neural

stem cell lines G7 & G26

(32)

Hepatocellular cancer PLC (27)

Liposarcoma SW872 (30)

Lung cancer A549, H358, H460 (29, 31)

Melanoma Colo, R545 (25, 26)

Oral squamous cell carcinoma H103, H376 (37)

Osteosarcoma Saos-2, HOS, MG-63, G-292,

U2OS

(30, 35)

Pancreatic cancer MIAPaCa-2, PANC-1 (27)

Prostate cancer PC-3 (25)

mTORC1 activation, abnormal autophagy and LAM-associate
biomarker expression (53).

Another possible limitation is the inability to derive cells of
a defined cell type and developmental stage characteristic of
the malignancy from iPSCs. Although protocols for generation
of many general cell types have been established, the signaling
cues and in vitro differentiation protocols for certain specialized
cells, and developmental and maturation staged are still not
fully understood. This is further complicated by the fact that
differentiation and maturation efficiency is never 100% and,
in most cases, the differentiation and maturation stage of a
given cell within a population cannot easily be discriminated,
thus, potentially hampering the correlation of disease phenotypes
with the cellular phenotypes present in the culture. This issue
could be resolved by introduction of stage-specific reporter genes
via genome editing or by detailed stepwise characterization
of the stages of differentiation and maturation in order to
identify the exact stage at which the disease phenotype manifests.
Additionally, the constant technological advances in single cell
analyses at the cellular and molecular level will greatly improve
disease modeling and mechanistic studies.

Cell reprogramming is associated with resetting of the starting
cell’s epigenetic landscape to that of a pluripotent stem cell.
This resetting might eliminate characteristic features of the
disease/cancer cell phenotype that might not be recreated upon
differentiation, thus producing a significant difference between
the disease/cancer iPSC model and the original disease/cancer
cell. Here, it is worth bringing forth the theory that the initial
oncogenic insult to the cancer-initiating cell might (re)program
the epigenome toward a specific cancer cell fate (86). This
potentially important aspect of malignancy could well be lost in
iPSCs as reprogramming to iPSCs is accompanied by genome-
wide epigenetic resetting (see Epigenome, Cancer, and iPSCs).

Additionally, if one agrees with Sánchez-García’s tumor stem
cell reprogramming viewpoint that cancer cell properties can
reemerge upon differentiation and that this property is to a
fixed, uni-differentiated cell fate then this may not reemerge in
an iPSC model due to the fact that iPSCs by definition possess
pluripotent differentiation ability. On the other hand, such a
resetting might be looked at favorably in certain diseases/cancers
of “pure” epigenetic origin for which one could envision of using
cells differentiated from these epigenetically reset iPSCs as a
regenerative therapy.

Last but not least, modeling systemic processes in vitro
is a challenge, as generally iPSC are maintained isolated
as functionally autonomous entities in two-dimensional
culture systems and not physiological integrated within the
disease/tumor microenvironment. Recent progress and use
of tissue engineering, three-dimensional organoids, MPS and
in vivo xenografts offers a window to more sophisticated
modeling that enables incorporation of malignant cells with
cellular and extracellular components of the disease/tumor
microenvironment, nutrient supply, and mimicking of
blood/lymph flow thus attempting to recapitulate the in
vivo architecture and physiological condition in which the
malignant cells reside and grow.

EPIGENOME, CANCER, AND iPSCs

Hematological diseases and cancers are profoundly influenced
by changes in the epigenome and associated with a specific
epigenetic profile. Since reprogramming to pluripotency is
achieved through a stepwise resetting of the epigenetic landscape
of the starting cell to that of a self-renewing, pluripotent
iPSC (87), it is foreseeable that under certain circumstances
this could have a negative impact on specific disease/cancer
iPSC-based models. For example, iPSCs derived from non-
small cell lung cancer (NSCLC) cell lines reset the NSCLC-
associated transcriptional and methylation pattern of associated
oncogenes and tumor suppressors (31). Similarly, Zhang et al.
showed that reprogramming of sarcoma cell lines with complex,
abnormal karyotypes to iPSCs resets the sarcoma transcriptional
and epigenetic pattern and that the derived iPSCs gained
self-renewal and multi-lineage differentiation potential (30).
Neither of these studies examined whether the cancer-associated
epigenetic profile reminiscent of the original cancer cell
could be reestablished upon differentiation. Comparably, iPSCs
generated from patients with AML carryingMLL rearrangements
retained the leukemic mutations but also reset leukemic
DNA methylation and gene expression patterns (41). However,
leukemic DNA methylation and gene expression profiles
reemerged in AML-iPSC-derived hematopoietic cells. Similarly,
human glioblastoma-derived iPSCs remain highly malignant
after differentiation into neural progenitors and pancreatic ductal
adenocarcinoma (PDAC)-iPSCs establish secondary pancreatic-
cancer in patient-derived xenografts (see also below) (32, 33).
These examples suggest that cancer cell properties, albeit reset
in iPSCs, can reemerge upon differentiation to the appropriate
cancer cell type.
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TABLE 2 | Current patient-specific iPSC models of hematological diseases and cancer.

Hematological disease or

cancer type

Functional

assay(s)

Disease/Cancer Recapitulation Genome editing References

8p11 myeloproliferative

syndrome (EMS)

In vitro Yes—increased output in granulocyte-erythrocyte-

macrophage-megakaryocyte, erythrocyte and

macrophage colonies

No (72)

AML In vitro & in vivo Yes—preferential in vitro generation of

granulocyte-macrophage, granylocyte and

macrophage colonies and aggressive myeloid

leukemia in vivo

No (41)

In vitro Yes—reduction in blood cell specification and block

in generation of granulocyte-macrophage and

erythroid colonies

No (59)

Aplastic anemia In vitro Yes—impaired proliferation of hematopoietic

progenitors and reduced erythrocyte and myeloid

cell output -

No (60)

No N/A No (45)

β-thalassemia In vitro Yes—reduced hematopoietic potential and absence

of erythrocyte colonies

No (71)

In vitro Yes—impaired erythrocyte colony formation Yes–gene correction (generation of

isogenic control)

(78)

Colorectal cancer (CRC) In vitro Yes—increased WNT signaling and enhanced

proliferation of colonic epithelial cells

No (43)

Diamond-Blackfan anemia

(DBA)

In vitro Yes—defective erythropoiesis No (44, 47)

Familial platelet disorder

with acute myeloid leukemia

(FDP/AML)

In vitro Yes—defective hematopoiesis and impaired

erythrocyte and megakaryocyte differentiation

No (38, 42, 52, 64)

Fanconi anemia (FA) In vitro No—robust multilineage hematopoietic

differentiation potential with a non-significant

reduction in erythroid and myeloid cell colonies

No (but viral gene complementation

before reprogramming)

(62)

In vitro Yes—reduced clonogenic potential and increased

apoptosis of hematopoietic progenitors

No (75)

In vitro Yes—defective hemangiogenic progenitors resulting

in ineffecient differentiation to hematopoietic and

endothelial lineages

No (68)

Glanzmann thrombasthenia

(GT)

In vitro Yes—absence of membrane expression of integrin

αIIbβ3, reduction of platelet activation marker

binding, impaired adherence to fibrinogen and

defective platelet aggregation

(51, 63)

Juvenile myelomonocytic

leukemia (JMML)

In vitro Yes—enhanced production of myeloid cells with

increased proliferative capacity and GM-CSF

hypersensitivity

No (46)

Juvenile myelomonocytic

leukemia/Noonan

Syndrome (JMML/NS)

In vitro Yes—enhanced production of myeloid cells with

increased proliferative capacity and GM-CSF

hypersensitivity

No (61)

Li-Fraumeni Syndrome (LFS) In vitro, in ovo &

in vivo

Yes—osteosarcoma features including aberrant

osteoblast differentiation and tumorgenicity, and

involvement of H19

no (58)

In vitro, in ovo &

in vivo

Yes—osteosarcoma features including aberrant

osteoblast differentiation and tumorgenicity, and

paracrine and autocrine role of SFRP2 in

osteosarcomagenesis

yes—introduction of P53 mutations (54)

Lymphangioleiomyomatosis

(LAM)

In vitro Yes—increased mTORC1 activation, abnormal

autophagy and LAM-associate biomarker

expression in smooth muscle cells

No (53)

Multiple endocrine neoplasia

type 2A (MEN2A)

No N/A Yes—mutation correction (generation

of isogenic control)

(48, 79)

Myelodysplastic syndrome

(MDS)

In vitro Yes—drastically reduced hematopoietic

differentiation potential and myeloid clonogenicity;

increased cell death during in vitro differentiation

Yes—introduction of disease

associated chr7q deletion

(55)

(Continued)
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TABLE 2 | Continued

Hematological disease or

cancer type

Functional

assay(s)

Disease/Cancer Recapitulation Genome editing References

In vitro Yes—mild perturbation of hematopoietic

differentiation with morphologic dysplasia

Yes—introduction and correction of

disease associated SRSF2 P95L

mutation

(40)

In vitro Yes—reduced ability to generate granulocyte-

erythrocyte-macrophage-megakaryocyte and

erythrocyte colonies in vitro

Yes—introduction of disease

associated mutations

(56)

Myelodysplastic syndrome

with acute myeloid leukemia

(MDS/AML)

In vitro & in vivo Yes—reduced ability to generate granulocyte-

erythrocyte-macrophage-megakaryocyte and

erythrocyte colonies in vitro, and robust leukemia

development in vivo

Yes—introduction of disease

associated mutations

(56)

Myeloproliferative neoplasm

(MPN)—Chronic myeloid

leukemia (CML)

In vitro Yes—reduced hematopoietic differentiation No (39)

In vitro & in vivo Yes—CML-iPSC–derived hematopoietic cells were

sensitive to imatinib

No (57)

No N/A No (50)

Myeloproliferative neoplasm

(MPN)—Essential

thrombocythenia (ET)

In vitro Yes—increased megakaryopoiesis No (69)

Myeloproliferative neoplasm

(MPN)—Primary and

secondary myelofibrosis

(PMF/SMF)

In vitro Yes—increased expression of MF-associated IL-8 in

megakaryocytes

No (49)

Myeloproliferative neoplasm

(MPN)—Polycythemia vera

(PV)

In vitro Yes—increased erythropoiesis & PV patient similar

gene expression

No (74)

In vitro Yes—increased megakaryopoiesis and

erythropoiesis; increased sensitivity to EPO and TPO

No (65)

In vitro Yes— EPO-independent erythropoiesis No (73)

Pancreatic ductal

adenocarcinoma (PDAC)

In vivo Yes—development of pancreatic intraepithelial

neoplasm (PanIN) precursors to PDAC, which

subsequently progressed further to the invasive

stage

No (33)

Shwachman-Diamond

syndrome (SDS)

In vitro Yes—impaired exocrine pancreatic and

hematopoietic differentiation with reduced myeloid

cell generation in vitro, increased apoptosis, and

elevated protease activity

No (70)

Sickle cell disease (SCD) No N/A Yes–mutation correction (76)

No N/A Yes–mutation correction (66)

No N/A Yes–mutation correction (67)

Trisomy 21 In vitro Yes—increased numbers of CD43+CD235+

erythroid-megakaryocyte progenitors, and

erythrocyte, granulocyte, macrophage, and

megakaryocyte colonies

No (77)

Remarkably, a recent report showed that the cellular
context could significantly impact on the genetic information
and behavior of malignant cells (88). Hashimoto et al.
reprogrammed mouse colon tumor cells with loss of Apc.
The reprogrammed tumor cells, Apc-iPSCs, displayed iPSC-like
morphology and gene expression but lacked pluripotency and
showed a trophectoderm-differentiation bias. Surprisingly, the
majority of genes affected by the Apcmutation inApc-iPSCs were
different than those affected in the colon. Genetic Apc-rescue
coupled with a subsequent deletion strategy revealed neoplastic
growth specific to intestinal cells but not other cell types in

vivo. It is noteworthy though that the majority of Apc-iPSC-
derived colonic legions remained in a pretumoral microadenoma
stage and did not develop into full blown macroscopic colon
tumors. These findings imply that disease cell properties and
biological consequences of tumor-causing mutations are strongly
depending on the cellular context and underscore that epigenetic
regulation, which is critical for cell fate determination and fixing
the malignant cell state in cancer (see also our discussion of this
issue in Limitations and challenges of iPSC modeling of human
malignancies), exerts great influence on disease development and
progression.

Frontiers in Immunology | www.frontiersin.org September 2018 | Volume 9 | Article 2243152

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Kim and Schaniel Blood-Diseases and Cancers With iPSC

GENOME EDITING

Genetic modification of human pluripotent stem cells through
conventional homologous recombination is hampered by
extremely rare recombination events (89). Recent advances
in genome editing technologies (zinc finger nucleases (ZFN),
transcription activator-like effector nucleases (TALENS) and
Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) with the Cas9 nuclease) that enable precise genetic
modifications at the single nucleotide level efficiently are gaining
wide use in iPSC disease modeling, including the investigation
of hematological diseases and cancers (90–92). Genome editing
can be used to correct or introduce disease-associated mutations,
individually or in combinations, into patient-specific iPSCs or
normal iPSCs, respectively, thus enabling systemic interrogation
of gene function and disease development (89, 93). In both
correction or introduction of mutation cases, iPSCs will be
generated that bear the same genomic background and only
differ in the specific genetic alteration, thus, providing ideal,
isogenic iPSC pairs for comparative analysis. Genome editing
through non-homologous end-joining will generate frame-shift
mutations through introduction of small, random nucleotide
insertions or deletions (indels) and, hence, is well suited
for monoallelic or biallelic inactivation of haploinsufficient or
classical tumor-suppressor genes. On the other hand, homology-
directed repair (HDR) utilizing co-delivery of homologous
donor DNA template to guide the homologous recombination-
mediated repair process, will generate precise modifications and,
thus, can be used to study point mutations in disease/cancer-
associate genes or associated regulatory regions. For example,
using ZFN or TALEN-based HDR, several groups succeeded
in correcting of the causative, single-nucleotide mutations in
HBB in sickle cell disease (SCD) and β-thalassemia iPSC
lines (66, 67, 76, 78). Ma et al. showed that two distinct β-
thalassemia major patient-corrected iPSC lines showed increased
erythrocyte colony formation of hematopoietic progenitors
compared to their isogenic, mutant iPSCs (78). Papapetrou
et al. have conducted some of the most elegant gene editing
for hematological malignancy modeling (56). Using correction
or introduction of mutations via CRISPR/Cas9 in combination
with patient-specific diseased or normal iPSCs, they modeled
various disease progression stages ranging from normal/healthy,
preleukemic, low-risk MDS, high-risk MDS to MDS/AML (56)
as well as the contribution of the splicing factor SRSF2p.P95L
mutant to MDS alone or in the context of MDS with del(7q) (40).

Genome editing systems can also be used to introduce or
revert large-scale genetic lesions often associated with specific
malignancies, including chromosomal deletions, inversions and
translocations (55, 94–97). Brunet et al. used ZFNs and
TALENs in human cells, including embryonic stem cell-
derived mesenchymal precursors to generate t(11;22)(q24;q12)
EWSR1-FLI1 fusion and t(2;5)(p23;q35) NMP1-ALK fusion
genomic translocations associated with Ewing sarcoma and
anaplastic large cell lymphoma, respectively, or to revert the
t(2;5)(p23;q35) NMP1-ALK translocation (95). Torres-Ruiz et al.
using CRISPR/Cas9 successfully recreated the t(11;22)(q24;q12)
EWSR1-FLI1 fusion translocation in iPSCs (97). Using the

adeno-associated vector-mediated gene targeting of an HSV-tk
transgene approach, Papapetrou et al. generated various deletions
of chromosome 7q that let them to identify an approximately
20Mb region spanning 7q32.3-7q36.1 as the critical region in
del(7q)-associated MDS (55). We together with our colleagues
and the late Ihor R. Lemischka previously generated iPSCs
from a Li-Fraumeni syndrome (LFS) family to investigate
the oncogenic role of mutant TP53 in the development of
LFS-osteosarcoma (58). In a follow up-study we identified
SFRP2 as an autocrine and paracrine factor involved in P53
mutation-mediated osteosarcomagenesis. Using genome-editing
we confirmed a correlation between various P53 mutations and
increased SFRP2 expression in iPSC and embryonic stem cell
derived osteoblasts (54) and Kim et al. (under review).

INTEGRATION OF iPSCs WITH TISSUE
ENGINEERING, THREE-DIMENSIONAL
ORGANOIDS AND
MICROPHYSIOLOGICAL SYSTEMS

Diseases and cancers do not occur in a two-dimensional
vacuum of malignant cells in culture but rather involve
complex interactions and communication with neighboring
cells and the microenvironment. Cells in the niche and the
extracellular matrix provide anchor, biomechanical support and
spatiotemporally regulated biochemical signals and nutrients
needed for disease initiation, progression and survival. The use
of tissue engineering, three-dimensional organoids and MPS
attempts to more faithfully mimic the in vivo cellular milieu,
architectural structure, spatial organization and physiological
parameters than two-dimensional culture systems ever could.
Integration of directed differentiation of iPSCs with tissue
engineering, organoid cultures MPS are being developed for
many complex tissues such as the heart, liver, kidney, intestine,
eye, and brain (98, 99).

Organoids derived from primary resected tumors or biopsies
are hailed to create opportunities to build large biobanks with
relevant patient material for cancer research, drug evaluation
and therapy development (100–109). With the goal of modeling
human diseases of the large intestine, Chen et al. developed
an efficient colonic organoid (CO) strategy using embryonic
stem cells and iPSCs (43). Through a stepwise differentiation
protocol following progressive normal development of definitive
endoderm to hindgut endoderm to subsequently COs, using
patient-specific colorectal cancer familial adenomatous polyposis
(FAP)-iPSCs that carry a germline nonsense mutation in APC
causing early termination of translation, they were able to
demonstrate enhanced WNT signaling and increased epithelial
cell proliferation. Additionally, they used these FAP-iPSC COs as
a platform for testing drugs (see iPSCs in drug development &
pharmacology).

As discussed in iPSCs in xenograft models, Zaret et al. modeled
PDAC development using PDAC-iPSCs in combination with in
vivo transplantation (33). In order to establish an in vitro model
of early stage human pancreatic cancer, they harvest the PanIN
structures from the developing PDAC-iPSC-derived teratomas
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and set up organoid cultures. The formed organoids retained
PDAC-associated marker expression and served as a platform for
biomarker identification.

MPS, also known as microfluidic organ-on-a-chip, offer a
precise means to integrate cells, including iPSC-derived cell
types and 3-dimensional constructs or organoids, into an in
vitro dynamic system that further incorporates vascular flow and
micro-biofabrication that mimics the systematic architectural
and spatial compositions and interactions among different
cell-types, tissues and organs in the body. Use of MPS in
cancer research is gaining traction to investigate complex
cancer, growth, tumor-niche interactions, metastatic invasion,
and drug delivery, efficacy and toxicity (13–20). However, the
incorporation of iPSCs or derived progenies into MPS is just
beginning (110–113). Advances in generating higher-order MPS
that are able to link individual systems into a physiome-
or body-on-a-chip (114, 115) coupled with inline detectors
and fluorescent reporters (116–119) will enable dynamic, real-
time interrogation of cellular, molecular, and biomechanical
parameters of disease pathogenesis (initiation and progression)
and drug responses.

iPSCs IN XENOGRAFT MODELS

Patient-derived xenografts (PDXs) have become a prominent
model system as they are presumed to more faithfully capture the
cellular, molecular and physiological characteristics of primary
and metastatic malignancies (120, 121). Additionally, PDX-
models are gaining attraction in such field as biomarker
identification, drug development and assessment of drug
responses (122).

Transplantation of iPSCs or derived cells into appropriate
animal models can provide a more physiological, three-
dimensional in vivo environment and, hence, expand their
experimental utility. PDAC has a very poor prognosis and until
the elegant study by Zaret et al. lacked a human cell model
of early disease progression (33). Subcutaneous, injection of
iPSCs into immunocompromised mice is a process used to assess
the pluripotency of iPSCs through the formation of teratomas.
When Zaret et al. injected PDAC-iPSCs, ductal structures formed
within the developing teratomas that had a more prominent
architectural organization compared to controls. Detailed cellular
and molecular characterization of these structures let to the
conclusion that they resembled PanIN-stage like structures that
eventually further progressed to an invasive PDAC stage.

Majeti et al. established an AML model based on
iPSCs generated form patients with rearrangements of the
KMT2A/MLL locus (41). Using intravenous or orthotopic
transplantation into immunocompromised mice to evaluate
leukemia formation in vivo they found that the ability to
give rise to leukemia in vivo is dependent on transplantation
of AML-iPSC-derived hematopoietic cells as AML-iPSCs
lacked leukemic potential. Additionally, despite retaining the
leukemic-driver mutations, AML-iPSCs reset the leukemic
DNA methylation and gene expression patterns. Surprisingly,
hematopoietic differentiation of these AML-iPSCs and leukemia

formation was sufficient to reestablish the leukemic DNA
methylation and gene expression profile strongly suggesting that
the genetic mutations/rearrangements of the KMT2A/MLL locus
in AML-iPSCs reactivate a leukemic program in the context of
hematopoietic cells (41).

It was recently reported that copy number alterations
recurrently observed in primary human tumors gradually
disappeared in PDXs, suggesting that events undergoing
positive selection in humans can become dispensable during
propagation in mice (123). In light of this observation
and its critical implications for PDX-based disease/cancer
modeling, cytogenetic analyses of PDX-donor cells after in vivo
transplantation and propagation appears important in order to
know whether the attempted PDX-model accurately retains the
genetic lesions present in the original malignant cells or if they
evolve, and if they evolve whether the evolution is specific to the
patient or the host.

iPSCs IN DRUG DEVELOPMENT AND
PHARMACOLOGY

The cost of drug development from discovery, through clinical
trials to approval and marketing is in excess of $2.6 billion
(124). As costly as clinical trials are, drug failures are
key contributors to development costs. Induced PSCs and
derived cells are gaining attraction and are being more widely
used in translational-research settings, including discovery and
validation of biomarkers and therapeutic targets, compound
screening for drug discovery and drug repurposing, and
preclinical drug susceptibility, efficacy and toxicity studies (33,
39, 41, 43, 57, 65, 72, 73, 110, 125–131). Of particular usefulness
is that many different cell type, including cardiomyocytes,
hepatocytes, neurons, and hematopoietic cells, can readily be
generated from a diverse set (age, gender, race/ethnicity) of iPSCs
from healthy individuals or patients with a given disease/cancer.
This has been exemplified in the use of iPSCs in drug toxicity
screening. Therapeutically effective drugs can cause serious
unintended adverse events that limit or even prohibit their
use. Several groups have used iPSC-derived cardiomyocytes to
model and investigate anticancer drug-induced cardiotoxicity
(132–137). In one case, cardiomyocytes generated from iPSCs
from breast cancer patients were able to recapitulate patient-
specific doxorubicin-induced cardiotoxicity at the cellular level
(134). Another application is the evaluation of drug susceptibility
and variable responses of phenotypic distinct cell populations,
cancer subclones or patients (39, 41, 57, 65, 72, 73). Primary or
acquired-drug resistance is a serious clinical problem. Induced
PSCs derived either from drug-sensitive and drug-resistance
patients or from cells of the same patients at the drug-sensitive
and drug-resistant stage and iPSC derived cells might help
decipher the mechanisms underlying drug-resistance. Examples
along this line are from Bedel et al. (39) and Kumano et al.
(57). They derived iPSC lines from CML patients that carry
the abnormal Philadelphia chromosome that resulted from a
translocation between chromosome 22 and 9 leading to the fused,
oncogenic BCR-ABL tyrosine kinase.While both groups reported
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that the generated CML-iPSC lines were resistant to the tyrosine
kinase inhibitor imatinib, which is used to treat CML patients,
Bedel et al. (39) found that CD34+ hematopoietic progenitors
obtained from their patient’s CML-iPSCs were partially sensitive
to imatinib and Kumano et al. (57) found imatinib-sensitivity
in CML-iPSC derived CD34− hematopoietic cells but not
CD34+ hematopoietic progenitors, which recapitulated the
pathophysiological feature of initial CML of that patient. In depth
molecular characterization at the epigenome, transcriptome and
proteome level will be necessary to discover the signaling
networks responsible for the observed behavior. Induced PSCs
and derived cells also present an opportunity for phenotypic
drug testing and screening. This can be especially attractive
for diseases with no previously characterized targets or drug
treatment strategies. However, such phenotypic drug testing and
screening requires the ability to identify cellular phenotypes or
functional properties, such as proliferation, apoptosis, activation
of a specific signaling pathway, a distinct metabolic profile that
correlate with patient phenotypes and responses and thus can
serve as surrogate readouts of therapeutic effectiveness (43, 110,
117, 130, 138). Undoubtedly, the next stage in drug discovery and
pharmacological testing will expand on the integration of iPSC-
based model systems with three-dimensional organoids andMPS
(43, 110).

CONCLUDING REMARKS

iPSC technology started a new, exciting era in biomedicine.
The ease by which patient-specific iPSCs from various primary

or metastatic somatic tissues and blood of patients with
hematological diseases and cancers can be derived provides a
self-renewable, scalable and cryopreservable source of cells with
the patient’s genetic background. iPSCs are readily enable to
genome-editing in order to either correct or introduce known or
suspected disease-associated mutations. This novel tool enables
attempts to successfully recapitulate various pathological disease
states and features associated with malignancies in a patient-
specific context. Integration of iPSC-based disease and cancer
models with advanced, bioengineered physiological systems, in
vivo PDX models, automated high-throughput-screening tools
and next-generation omics approaches will lead to a greater
mechanistic understanding of disease/cancer, the relationship
between malignant cells and their microenvironment, and drug
responses. Undoubtedly, iPSC technology is revolutionizing the
way we approach disease modeling, preclinical cancer research,
drug development and precision medicine.
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Novel Antibody Drug Conjugates
Targeting Tumor-Associated
Receptor Tyrosine Kinase ROR2 by
Functional Screening of Fully Human
Antibody Libraries Using
Transpo-mAb Display on Progenitor
B Cells
Ina Hellmann, Lorenz Waldmeier, Marie-Christine Bannwarth-Escher, Kseniya Maslova,

Fabian I. Wolter †, Ulf Grawunder* and Roger R. Beerli

NBE-Therapeutics Ltd., Basel, Switzerland

Receptor tyrosine kinase-like orphan receptor 2 (ROR2) has been identified as a highly

relevant tumor-associated antigen in a variety of cancer indications of high unmet

medical need, including renal cell carcinoma and osteosarcoma, making it an attractive

target for targeted cancer therapy. Here, we describe the de novo discovery of fully

human ROR2-specific antibodies and potent antibody drug conjugates (ADCs) derived

thereof by combining antibody discovery from immune libraries of human immunoglobulin

transgenic animals using the Transpo-mAb mammalian cell-based IgG display platform

with functional screening for internalizing antibodies using a secondary ADC assay. The

discovery strategy entailed immunization of transgenic mice with the cancer antigen

ROR2, harboring transgenic IgH and IgL chain gene loci with limited number of fully

human V, D, and J gene segments. This was followed by recovering antibody repertoires

from the immunized animals, expressing and screening them as full-length human IgG

libraries by transposon-mediated display in progenitor B lymphocytes (“Transpo-mAb

Display”) for ROR2 binding. Individual cellular “Transpo-mAb” clones isolated by single

cell sorting and capable of expressing membrane-bound as well as secreted human

IgG were directly screened during antibody discovery, not only for high affinity binding to

human ROR2, but also functionally as ADCs using a cytotoxicity assay with a secondary

anti-human IgG-toxin-conjugate. Using this strategy, we identified and validated 12 fully

human, monoclonal anti-human ROR2 antibodies with nanomolar affinities that are highly

potent as ADCs and could be promising candidates for the therapy of human cancer. The

screening for functional and internalizing antibodies during the early phase of antibody

discovery demonstrates the utility of the mammalian cell-based Transpo-mAb Display

platform to select for functional binders and as a powerful tool to improve the efficiency

for the development of therapeutically relevant ADCs.

Keywords: antibody drug conjugate (ADC), transposition, mammalian IgG cell display, antibody discovery,

functional screen, ROR2, human immune library, human IgG transgenic mice
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INTRODUCTION

Cancer is still a leading cause of death worldwide. While the
landscape of cancer treatment has positively evolved recently
with the advent of targeted, including antibody- and cell-
based therapies, broadly effective and curative treatment options
still remain limited. Classical chemotherapy with cytotoxic or
cytostatic small molecules remains the standard of care in many
anti-cancer treatments, although dose-limiting toxicities as well
as limited selectivity against cancer cells result in only partial
clinical efficacy (1). To increase the anti-tumor efficacy and
to lower the toxicity on normal tissues, a targeted delivery
of the cytotoxic agent to the tumor has long been desired.
With the development of monoclonal antibodies (mAbs) (2), it
became a possibility to use their specific binding to a tumor-
associated antigen (TAA) to specifically target cancer cells.
Naked antibodies either need to have an intrinsic capability
to interfere with the growth of cancer cells, or they need
to recruit other immune-system components to inhibit tumor
growth and expansion. These activities of antibodies are often
insufficient to effect complete eradication of targeted tumor cells.
Therefore, selectively delivering a highly cytotoxic substance to
the tumor by generating antibody drug conjugates (ADCs) has
been considered an attractive concept for decades. ADCs consist
of an antibody conjugated via a covalent linker to a potent
cytotoxic payload, thereby combining the high selectivity of the
antibody moiety to a TAA and the otherwise intolerably high
cytotoxic potential of the payload (3). However, in order to
generate not only potent, but also safe ADCs, many aspects of the
molecule need to be optimal. This includes not only the tumor-
selective binding of the antibody moiety to the targeted cancer
cells, but also functional properties of the antibody moiety, such
as its ability to internalize the ADC into the targeted cancer cell
following binding of the ADC to the TAA. While the concept
of antibody-mediated delivery of toxic payloads to cancer cells
is known in the field for decades, due to the structural complexity
of this class of molecules and the high functional requirements
to achieve a favorable therapeutic index, only four ADCs have
been approved to date by the regulatory authorities for treating
cancer patients, while >60 ADCs are currently evaluated in
clinical trials (4). In the field of targeted cancer therapies, ADCs
will have an enormous potential for cancer treatment in the
future, if engineered diligently with regard to linker stability and
product homogeneity as well as optimal tumor selectivity and
functionality.

It was the objective of this study to discover antibodies
specifically targeting the TAA ROR2 with high internalization
rates, eventually leading to potent cancer cell killing with anti-
ROR2-antibody based ADCs. ROR2, along with ROR1, belongs
to the receptor tyrosine kinase-like orphan receptor (ROR)
family, both type I transmembrane proteins with a high degree of
structural homology (5). The structure of both ROR1 and ROR2
includes an extracellular portion with three distinct domains,
an N-terminal Ig-like domain, a Frizzled domain (or cysteine-
rich repeat domain, CRD) and a membrane-proximal Kringle
domain, followed by a transmembrane domain connecting
to intracellular domains with a structural and amino acid

homology to receptor tyrosine kinases (6, 7). Here, we focused
on human ROR2 and the identification of novel mAbs and
ADCs against this promising cancer cell target. Like ROR1,
ROR2 regulates cellular processes including cell proliferation,
polarity, differentiation, migration, metabolism and survival (8–
10). While ROR2 is expressed in a wide variety of tissues during
early embryogenesis (11), it is mainly absent in adult normal
tissues (7). In contrast, ROR2 is overexpressed in several human
cancers, including renal cell carcinoma (11, 12), osteosarcoma
(10), melanoma (13), stromal tumors (14), as well as breast
(15, 16), colorectal (17), oral (18), and pancreatic cancer (19),
and has been associated with a more aggressive disease state and
poorer patient prognosis within these indications. Recently, it
has been shown that ROR2 interacts with ligands Wnt5a and
Wnt3a to activate a combination of noncanonical and canonical
Wnt signaling pathways, respectively (9, 20–22). Upregulation
of ROR2 is associated with mediating pro-tumorigenic activity
(polarized cell migration, invasion, and tumor growth) via the
noncanonical Wnt signaling pathway (7, 15, 23). In addition to
its function as an oncogene, and in contrast to ROR1, ROR2
can also act as a suppressor of carcinogenesis in tumors driven
by canonical Wnt signaling, where ROR2 expression is lost,
as observed in colon cancer and hepatocellular carcinoma (6).
Notably, the expression of ROR2 is largely mutually exclusive
with its sister molecule ROR1 and only rare cases of ROR1 and
ROR2 co-expression on tumors have been reported (5, 24).

To develop potent ADCs, antibodies with selectivity for the
TAA and triggering high internalization rates are generally
needed (4). This is particularly relevant for TAAs for which the
level of expression on cancer cells is not extraordinarily high,
like in the case of ROR2 (5, 6). The mode of action of ADCs
requires specific binding to the TAA, upon which the ADC-
TAA complex needs to be internalized by receptor-mediated
endocytosis and directed toward lysosomal degradation, where
the toxic payload is released intracellularly (25). Antibodies
may vary in the rate and magnitude of internalization they are
inducing, even if the same epitope on the cancer target antigen is
recognized (26, 27). Hence, it is desirable to identify antibodies
that are potent ADCs during early discovery. While antibody
discovery technologies in eukaryotic cells are manifold, spanning
from yeast (28, 29) to mammalian cell-based antibody expression
platforms (30–33), these platforms typically do not allow a
rapid and efficient screening for desired functional properties,
e.g., potency as an ADC, without the need for cloning and re-
formatting of the antibody into a soluble form. In addition, many
antibody discovery technologies yield non-human antibodies
that require tedious humanization of the antibody in order to
lower immunogenicity which could affect clinical safety and
efficacy of the therapeutic (34, 35). Hence, a straightforward
antibody screening platform to quickly identify functionally
relevant fully human antibodies is highly desired.

In the present study, we describe the de novo discovery of fully
human antibodies and potent ADCs derived thereof targeting
the highly tumor selectively expressed human ROR2, using the
Transpo-mAbDisplay (36) of immune antibody libraries isolated
from immunized transgenic mice harboring transgenic IgH and
IgL gene loci with human V, D, and J gene segments. The

Frontiers in Immunology | www.frontiersin.org November 2018 | Volume 9 | Article 2490161

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hellmann et al. Novel Anti-ROR2 Antibodies and ADCs

straightforward functional screening of clonal supernatants from
fully human immune cellular libraries allows for identification
of mAbs suitable for the development of potent ADCs already
during the early stages of antibody screening.

MATERIALS AND METHODS

Cell Lines
The origin and culturing conditions of murine progenitor B
cell clone L11 derived from the Abelson-murine leukemia virus
transformed progenitor B cell line 63-12 of a RAG2-deficient
mouse and the murine breast cancer cell line EMT6 have been
previously described (36). Human multiple myeloma cell line
L363 (DSMZ) and human breast cancer cell line T47D (ATCC)
were cultured in RPMI or DMEM, respectively, supplemented
with 10% fetal calf serum (FCS), 2mM L-glutamine, 100 IU
penicillin, 0.1 mg/ml streptomycin and 0.25µg/ml fungizone (all
from Amimed) at 37◦C in a humidified incubator at 5% CO2

atmosphere.

Mouse Strains
H2L2 mice were obtained from Harbor Biomed; H2L2 mice are a
cross of the following mouse strains: F129, fvb/n and C57BL6,
and upon immunization produce antibodies with a human
variable domain and a rat constant domain, disclosed in patent
application WO 2010/070263A1. Experimental procedures
involving mice were performed at certified animal facilities
at ETH-D-BSSE, Basel. All procedures involving animals were
compliant with the guidelines and protocols for animal care and
handling approved by the Basel-Stadt cantonal veterinary office.

Immunization
Homozygous transgenic mice harboring transgenic IgH and IgL
gene loci with a limited number of fully human V, D, and J
gene segments back-crossed on IgH and IgκL chain double-
knock-out background and designated H2L2 mice were obtained
from Harbor BioMed in Cambridge, Massachusetts. While the
V, D, and J gene segments in the transgenic IgH chain gene loci
were fully human sequences, the coding region of the constant
region exons were of rat origin, such that the mice primarily
generate chimeric antibodies encoded by fully human VH and
VL regions and rat constant regions. C57BL/6 wild-type mice
were obtained from Janvier Laboratories (Saint-Berthevin Cedex,
France). Mice were immunized with a soluble human ROR2
extracellular domain (ECD) fused to a Twin-Strep-tag (hROR2-
ECD-Twin-Strep) using the following schedule: On day 0, mice
were immunized intraperitoneally using 50 µg hROR2-ECD-
Twin-Strep diluted in PBS and 20 µg monophosphoryl lipid A
(MPLA) (Invivogen, tlrl-mpls) mixed 1:1 with Addavax adjuvant
(Invivogen, vac-adx-10), creating an oil-in-water emulsion in 100
µl. On day 21, mice were boosted intraperitoneally using 20
µg hROR2-ECD-Twin-Strep diluted in PBS and 20 µg MPLA
mixed 1:1 with Addavax adjuvant in 100 µl. On day 42, the mice
were boosted intravenously using 10 µg hROR2-ECD-Twin-
Strep without any adjuvants added in 100 µl. Blood sampling
was performed from the tail vein of mice 7 days prior to the
first immunization, and 7 days following each immunization

(days 7, 28), or by heart puncture on day 49, when the mice
were sacrificed. Blood was allowed to clot for 15–60min at room
temperature, then spun down at 5,000 rpm for 15min at 4◦C.
Serum was carefully transferred into a new tube and stored at
−20◦C until further use.

On day 49 following initial antigen injection, the mice
were euthanized, spleens were collected, transferred into
1x PBS and stored on ice until processing. Each spleen
was homogenized in a gentleMACS C-tube (Miltenyi
Biotec) containing 2.4ml of RPMI-10%FCS using the
gentleMACS Octo Dissociator (Miltenyi Biotec). Cells
were then filtered through a cell strainer to get a single
cell suspension, frozen down in 90% FCS/10%DMSO, and
stored in the vapor phase of liquid nitrogen until further
use.

Library Construction
For the isolation of antigen-specific B cells, splenocytes were
thawed quickly at 37◦C and washed twice in cold MACS buffer
(0.5% BSA in PBS, 2mM EDTA). Cell viability was assessed
using 0.4% Trypan Blue (Amresco). Between 1.9 × 106 and
3.7 × 106 total viable cells were incubated with 20µg/ml
mouse IgG (ChromPure Mouse IgG, 015-000-003, Jackson
Immunoresearch) for 15min at 4◦C. Isolation of antigen-specific
B cells was performed in two consecutive steps: depletion of
non-B cells, followed by positive selection for antigen-specific
B cells. Magnetic labeling of non-B cells was performed using
the Pan B Cell Isolation Kit Mouse (Miltenyi Biotec), according
to the manufacturer’s protocol. For the positive selection, 50
µl Strep-Tactin Magnetic Nanobeads (IBA Lifesciences) were
coated with 12 µg hROR2-ECD-Twin-Strep over night at 4◦C,
followed by washing with MACS buffer in a magnetic field to
remove unbound antigen and elution. Next, isolated B cells were
incubated with hROR2-ECD-Twin-Strep-coated magnetic beads
for 45min, washed with MACS buffer and subjected to magnetic
separation using LS columns (Miltenyi Biotec). The flow-through
was discarded and elution was performed after removal from the
magnetic field, yielding an enrichment of antigen-positive B cells.
Cells were centrifuged and directly subjected to RNA extraction.

RNA was isolated using TRI-Reagent (Sigma-Aldrich) and
reverse transcribed using Protoscript II Reverse Transcriptase
(New England Biolabs) using random nonamers, following the
manufacturer’s instructions. Variable domains were amplified
by semi-nested PCR using Q5 DNA polymerase (New England
Biolabs). In general, in the first step of this PCR, a set of forward
primers binding to the 5′-end of the framework (FR) 1 of human
variable domains, thereby adding the 3′-portion of a universal
leader peptide to the 5′-end of the amplicon, was paired with a
reverse primer specific to the rat constant domain expressed in
H2L2mice. In the second PCR-step, a forward primer completing
the N-terminal leader peptide and adding a restriction site for
cloning at the 5′-end of the amplicon was paired with a set
of reverse primers binding to the 3′-end of the FR4, thereby
adding a restriction site for cloning to the 3′-end of the amplicon.
The resulting amplicons contained the nucleotide sequences of
restriction sites for cloning at the 5′-end and 3′-end, as well
as a complete leader sequence followed by the entire human
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variable V(D)J domain. The primer sequences are supplied in the
Supplementary information (Figure S1).

In the first PCR step, human IgG and IgM heavy chain
(HC) variable domains were amplified using human VH-specific
forward primers (primer set: Set-huHC-FR1) paired with a
reverse primer specific for the rat IgG (rat_IgG12abc_R) or IgM
constant domain (rat_IgM_R). In the 2nd PCR step, forward
primer Not-I-5′Leader and reverse primers specific to the human
JH-domain (primer set: Set-huJH-R) were used to complete the
PCR amplification. For amplification of Igκ light chain (LC)
variable domains, a forward primer set specific to human Vκ-
domains (primer set: Set-huKC-FR1) was paired with a reverse
primer binding to the rat IgκLC constant domain (rat_CK_R) in
the 1st PCR step. For the 2nd PCR step, forward primer Not-
I-5′-Leader was paired with a primer set specific to human Jk-
domains (primer set: Set-huJK-R) to generate the final amplicon.
In H2L2 mice, the endogenous mouse lambda light chain gene
loci have not been knocked-out and remain intact, and no human
lambda light chains are expressed. Therefore, the lambda light
chain gene loci were not amplified. Cycling conditions were as
follows: 98◦C/30s -> 15-25x (98◦C/10 s, 56◦C/30 s, 72◦C/60 s) -
>72◦C, 2min -> hold@ 4◦C. For the first and second PCR, 25 or
15 cycles were performed, respectively.

Amplicons were then cloned into transposable vectors as
previously described (36). In brief, IgG- and IgM-derived
VH domains were cloned into pPB-Hygro-HCγ1-gen IgHC
expression vector, encoding a genomic human IgG1 constant
domain, while kappa LC variable domains were cloned into pPB-
Puro-LC, thereby complemented with a human Kappa constant
domain, via NotI/NheI or NotI/BsiWI, respectively. Libraries
were ligated, transformed into XL1-Blue electrocompetent cells,
and at least 10 bacterial clones were analyzed by sequencing, as
previously described (36). Library sizes ranged from 6× 106 to 5
× 107 independent transformants.

Antibody protein sequences were annotated and assessed for
their degree of identity to the closest human or mouse germline
V gene sequence with using IgBLAST (https://www.ncbi.nlm.nih.
gov/igblast/).

Transposition, Staining and Sorting of
Cellular Libraries
63-12 murine progenitor B cells, L11 cells, were transposed using
a HC:LC:Transposase DNA weight ratio of 0.25:0.125:1, and
selected using 1µg/ml puromycin and 800µg/ml hygromycin B,
as previously described (36).

For staining and sorting of cellular libraries, 0.2–1 × 107 cells
were stained with hROR2-ECD-Twin-Strep at concentrations
between 0.25 and 2µg/ml, Strep-MAB Oyster Classic 645 (IBA
Lifesciences, 2-1555-050) diluted 1:500 and PE-labeled anti-
human IgG (Fcγ-specific; ebioscience, 12-4998-82) diluted 1:250
in cold 2% FCS in PBS for 1 h on ice. For control stainings
without antigen, hROR2-ECD-Twin-Strep was omitted in the
staining. Following washing with 2% FCS in PBS, cells were either
analyzed by flow cytometry using a FACSCalibur Instrument
(Becton-Dickinson) or filtered using a cell strainer snap cap

FACS tube and single-cell sorted using a FACSAriaII instrument
(Becton-Dickinson) with data analysis being performed using
FlowJo analytical software (Tree Star, Ashland, OR). 288 hROR2-
positive L11 clones per library were single-cell sorted into
warm SF-IMDM medium supplemented with 2% FCS, 2mM L-
glutamine, 100 IU penicillin, 0.1 mg/ml streptomycin (all from
Amimed), and 50µM beta-mercaptoethanol (Amresco) at 37◦C
and 5% CO2 atmosphere.

Antigen Expression of Cell Lines
For determination of antigen expression on cell lines, 1 × 106

cells were stained with 2µg/ml hROR2-specific antibody XBR2-
401 (37) for 30min on ice, detected using a PE-labeled anti-
human IgG (Fcγ-specific) at 1:250 dilution for 30min on ice
and analyzed by flow cytometry using a FACSCalibur instrument
(Becton-Dickinson), followed by data analysis using FlowJo
analytical software (Tree Star, Ashland, OR).

ELISA
For determination of serum titers and antigen-binding, Nunc-
Immuno MaxiSorp 96-well plates (Thermo Fisher Scientific)
were coated with 2µg/ml antigen diluted in coating buffer
(100mM bicarbonate/carbonate buffer). For determination of
IgG titers, plates were coated with 2µg/ml AffiniPure donkey
anti-human IgG F(ab′)2 fragment, Fcγ-specific (109-006-008) or
AffiniPure goat anti-human IgG F(ab′)2 fragment, Fcγ-specific
(109-006-098, both Jackson Immunoresearch) diluted in coating
buffer overnight at 4◦C. Plates were then washed twice with
0.05% Tween-20 in PBS (PBS-T), blocked at 37◦C using PBS-T
supplemented with 3% bovine serum albumin (BSA) (Carl Roth)
for 1 h and washed again twice with PBS-T. Serum of the H2L2
and C57BL/6 mice was pre-diluted 1:100 in PBS-T/1% BSA. L11
clonal supernatants were pre-diluted 5-fold in PBS-T/1% BSA.
Supernatants from transiently transfected HEK293T cells were
pre-diluted 50-fold. Purified monoclonal antibodies were used
at a starting concentration between 0.5–2µg/ml. Samples were
added to plates as serial dilutions (2.5-fold for serum titer; 3-fold
for L11 and HEK293T cell supernatants; 3 to 20-fold for purified
monoclonal antibodies) in PBS-T/1% BSA and were incubated
for 1 h at 37◦C. After six washes with PBS-T, horse radish
peroxidase (HRP)-conjugated F(ab′)2 anti-human Fcγ (109-036-
008, Jackson Immunoresearch) diluted 10,000-fold in PBS-T/1%
BSA buffer was added, and plates were incubated for 1 h at
37◦C. For assessment of serum titers in H2L2 and C57BL/6 mice,
HRP-conjugated F(ab′)2 anti-rat Fcγ (112-036-071) or HRP-
conjugated F(ab′)2 anti-mouse Fcγ (115-036-071, both Jackson
Immunoresearch) was diluted 5,000-fold in PBS-T/1% BSA,
respectively. After washing six times with PBS-T, Sigmafast OPD
Peroxidase substrate (Sigma-Aldrich) was added, and reactions
were stopped by adding 2M H2SO4. Absorption was measured
at 490 nm using a SparkTM 10M (Tecan Life Sciences). Half-
maximal concentrations (EC50) values of standards with known
concentrations and unknown samples were determined by 4-
parameter curve fitting models in GraphPad Prism (GraphPad
Software Inc.).
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In vitro Potency Assays
For the secondary ADC assay, 1,000 EMT6-hROR2 cells
engineered to overexpress hROR2 were plated per well in 96-well
plates. On the next day, clonal L11 cell supernatants were added
undiluted with a final dilution on the plate of 10-fold (for single-
well secondary killing assays) or using a 2-fold serial dilution
using an IgG starting concentration adjusted to the IgG levels of
the lowest expressing L11 clone (as determined by ELISA) for a
titration curve assay, while control antibodies were 2-fold serially
diluted resulting in a final concentration on the plate ranging
from 1µg/ml to 0.5 ng/ml. Following incubation at 37◦C for
30min, PNU-159682-coupled secondary ADC (HFc-CL-PNU,
Moradec AH-102PN) was added with a final concentration of
0.5 nM and incubated for 3 days at 37◦C.

For in vitro potency assays using purified ADCs, 1,000
hROR2-overexpressing T47D-hROR2 cells, or 10,000 L363 cells
per well were plated in 96 well-plates. The following day ADCwas
added in 3.5-fold serial dilutions, with the final concentrations
ranging from 20,000 to 0.25 ng/ml in duplicate, and incubated
for 4 days at 37◦C.

Following incubation at 37◦C, cell viability was assessed
using CellTiter-Glo R© 2.0 Luminescence Assay (Promega
G9243), according to the manufacturer’s instructions,
using a Tecan Infinite F200 or a SparkTM 10M (both
Tecan Life Sciences) with an integration time of 250ms
per well. IC50 values were determined by 4-point curve
fitting models in GraphPad Prism (GraphPad Software
Inc.).

Expression and Purification of Antibodies
and Antigens
Human VH and VL sequences recovered from L11 cell clones
were obtained by sequence recovery as previously described
and assembled into the pCB14b or pCB14g vector with
the respective constant domains (36). The resulting antibody
sequences contained a sortase A recognition motif and a Twin-
Strep-tag as described previously (38) for subsequent conjugation
to toxin. These tag sequences were: IgH chain, (LPETG-G-
WSHPQFEK(G3S)3AWSHPQFEKGS); Igκ chain, G4S-LPETG-
G-WSHPQFEK(G3S)3AWSHPQFEKGS). In cases where more
than one VH and/or VL were found, a deconvolution step was
performed to identify the correct pairing, by expressing all
possible HC/LC combinations in HEK293T cells and evaluating
hROR2-ECD-Twin-Strep-binding by ELISA.

The antigens hROR2-ECD-Twin-Strep, cynomolgus
monkey ROR2-ECD-Twin-Strep and mouse ROR2-ECD-
Twin-Strep comprise the extracellular domain of human
ROR2 (NP_004551.2, amino acids 1-403), cynomolgus
monkey ROR2 (XP_005582291.1, amino acids 1-403)
or mouse ROR2 (NP_038874.3, amino acids 1-402),
respectively, fused at the C-Termini to a Twin-Strep-tag
(GSWSHPQFEK(G3S)2G2SAWSHPQFEKGS) for purification.
The corresponding nucleotide sequences of the respective
antigens flanked with 5′-NotI and 3′-BstBI sites were produced
by total gene synthesis (GenScript), cloned into the expression
vector pCB14b (36) and confirmed by DNA sequencing.

Transient and semi-stable expression of antibodies in
HEK293T cells using Lipofectamine R© LTX with PlusTM Reagent
(Thermo Fisher Scientific), followed by FPLC-based purification
using AmsphereTM Protein A columns (JSR Life Sciences) and
Protein A HiTrap columns (GE Healthcare) on an ÄKTA pure
(GE Healthcare) were performed as previously described (36).

For purification of antigens, harvested supernatants were
subjected to FPLC-based affinity purification using Strep-Tactin
columns (IBA Lifesciences), according to the manufacturer’s
protocol.

Sortase-Mediated Antibody Conjugation
(SMAC)
LPETG-tagged antibodies were site-specifically conjugated to
glycine-modified toxins Gly3-EDA-PNU or Gly5-EDA-PNU
using sortase-enzyme mediated antibody conjugation (SMAC-
technologyTM), as previously described (38, 39). hROR2-specific
ADCs were formulated in PBS. The drug-to-antibody-ratio
(DAR) of the final ADCs ranged between 3 and 4, as determined
by HPLC (38, 39).

Surface Plasmon Resonance (SPR)
Affinities of anti-hROR2 antibodies to hROR2-ECD were
measured by multi-cycle SPR on a Biacore T200 instrument (GE
Healthcare), as described (36). Antibodies were captured using
a CM5 Protein A chip (GE-Healthcare 29127556) or by Protein
G immobilized on a CM5 sensor chip. hROR2-ECD-Twin-Strep
was diluted in running buffer using 2-fold serial dilutions ranging
from 40 nM to 2.5 nM. Capture levels ranged from 148 to 845 RU.

RESULTS

Outline of Functional Screening Strategy
for Direct Identification of Novel mAbs
With Optimal ADC Activity
We applied the Transpo-mAb mammalian cell IgG Display
platform (36) (in short “Transpo-mAb Display”) on immune
libraries from Ig-transgenic mice with human VH and VL

regions, to identify novel monoclonal antibodies against the
extracellular domain of human ROR2 while concomitantly
screening these antibodies for their suitability as ADCs without
the need for prior sequence recovery, re-cloning and re-
expression. An overview of the functional screening strategy
is shown in Figure 1. Briefly, immunoglobulin transgenic mice
expressing antibodies with fully human VH and VL sequences
(called H2L2 mice), provided by Harbor BioMed, Cambridge,
MA, were immunized with the extracellular domain of human
ROR2 containing a C-terminal Twin-Strep-tag (hROR2-ECD-
Twin-Strep). hROR2-specific B lymphocytes were enriched from
the spleens of immunized mice using magnetic activated cell
sorting (MACS), RNA was isolated from hROR2-ECD-Twin-
Strep enriched B lymphocytes and libraries of coding regions for
humanVH and kappa VL variable domains were amplified by RT-
PCR using specific primers. The variable region fragments were
then cloned into separate transposable expression vectors for IgH
and IgL chains in which the cloned VH and VL regions were
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fused with IgG1 HC and kappa LC constant regions, respectively,
thus allowing for expression of fully human IgG1/κLC antibodies.
The HC vector comprises a genomic version of the human
HCγ 1 constant region including the two exons for the IgG
membrane anchor and intracellular regions with complete intron
sequences, thus allowing alternative splicing of a primary Ig-
heavy chain transcript in certain B-lineage cells to allow for co-
expression of high levels of both, membrane-bound and secreted
antibody from the same expression vector (36). Following DNA
library construction, cellular libraries were generated by stable
transposition of HC and LC transposable vectors to stably display
fully human IgG1 antibodies on the surface of immortalized
murine L11 pro-B cells derived by subcloning from the A-MuLV
transformed RAG-2 knock-out cell line 63-12 (36), unable to
express endogenous murine Ig components. Cells expressing
hROR2-specific IgG were isolated by FACS using double staining
for IgG and hROR2 binding followed by single-cell sorting of
hROR2-binding cellular clones using FACS. Supernatants from
single-cell sorted Transpo-mAb Display cell clones containing
secreted antibodies were then used to perform functional
screening for their binding to hROR2 by ELISA as well as their
suitability as ADCs in a secondary cell killing assay. Sequences
were only recovered upon confirmation of mAbs that showed
efficient cell killing in the secondary ADC cell killing assay.

Immunization of H2L2 Ig Transgenic and
C57BL/6 Wild-Type Mice With Human
ROR2-ECD
In order to generate novel monoclonal antibodies specific
for human ROR2, five Ig transgenic H2L2 mice and five
C57BL/6 wild-type mice (the latter as controls) were immunized
with hROR2-ECD with a Twin-Strep-tag by one primary and
two boost immunizations as described in the Materials and
Methods. The Twin-Strep-tag appended to the C-terminus
of the hROR2-ECD had been used for Strep-Tactin-mediated
affinity purification of the recombinant hROR2-ECD-protein
expressed in human HEK293T cells. Ig-transgenic H2L2 mice
harbor small transgenic immunoglobulin gene loci with a
limited set of human V, D, and J gene segments for V(D)J
recombination with rat immunoglobulin constant regions on
a homozygous knock-out background preventing expression
of endogenous immunoglobulin heavy and kappa-light chain
components. Immunization of C57BL/6 wild-type mice was
included in order to benchmark the anti-hROR2-ECD-Twin-
Strep humoral immune response in H2L2 Ig transgenic mice
against that of wild-type mice. In the H2L2 Ig transgenic
mice, serum titers against hROR2-ECD-Twin-Strep protein after
primary and two boost immunizations were monitored by ELISA
(Figure 2A). After primary immunization hardly any antibody
titer specific for hROR2-ECD-Twin-Strep was detectable in the
H2L2 Ig transgenic mice. Only after secondary (1st boost) and
tertiary (2nd boost) immunization, antibody titers against the
hROR2-ECD-Twin-Strep protein became detectable, reaching a
mean level of approximately 1:7,700 (Standard deviation (SD):
1:2,011, n = 5; individual values: mouse 1357: titer 1:9,911;
mouse 1359: titer 1:9,323; mouse 1363: titer 1:8,002; mouse

1358: 1:5,926; mouse 1364: 1:5,374) on day 49, after the 3rd
(2nd boost) immunization, indicating a successful immunization
strategy. To assess whether the immunization generated titers
against the Twin-Strep-tag, serum titers against a control
antigen, unrelated to hROR2-ECD, but also containing the
same tag were monitored. Significantly, titers against the Twin-
Strep-tag were only observed following three immunizations
on day 49 and were low (Mean: 1:779, SD: 1:863, n = 5)
in comparison to the hROR2-ECD-Twin-Strep-specific titers,
indicating that only roughly 10% of hROR2-ECD-Twin-Strep-
responses were specific for the tag. For benchmarking this
immune response, five wild-type mice (C57BL/6) were also
immunized in parallel with the identical immunization strategy
and sampling schedule and serum titers of the different time
points were assessed by ELISA as mentioned above. In wild-type
mice, anti-hROR2-ECD-Twin-Strep-tag antibody titers followed
the same pattern as in the H2L2 Ig transgenic mice, i.e., hardly
detectable IgG anti-hROR2-ECD-Twin-Strep response after the
first immunization, with increasing antigen-specific anti-IgG
responses after 1st and 2nd boost immunization, but reaching
higher levels of a mean of ca. 1:64,000 (SD 1:16,911, n= 5) on day
49 following three immunizations (Figure 2B). Therefore, the
antigen-specific serum titers against hROR2-ECD-Twin-Strep
protein in C57BL/6 mice were about 9-fold higher than those
observed in H2L2 mice. Significantly, the serum titers against
the Twin-Strep portion of the recombinant hROR2-ECD-Twin-
Strep protein were disproportionately higher than those in H2L2
mice (mean: ca. 1:31,000, SD: 1:22,159, n = 5), indicating that
in C57BL/6 mice roughly 50% of the antibody response was
directed against the tag. Taken together, the immunizations in
H2L2 Ig transgenic mice generated a hROR2-specific response
which, although lower than in wild-type mice, was deemed
sufficient for further antibody isolation. The three H2L2 Ig
transgenic mice showing the highest IgG antibody serum titers
after the 3rd immunization on day 49 (mice 1357, 1359, and
1363) were selected for isolation of hROR2-ECD-Twin-Strep-
specific antibodies via VH and VL library cloning from spleen
cells collected on day 49 of the experiment.

Isolation of ROR2-Binders From Cellular
Libraries
In a first step, B cell enriched splenocytes of the three H2L2
Ig transgenic mice with the highest serum titers were stained
with recombinant hROR2-ECD-Twin-Strep in order to enrich
antigen-reactive splenic B lymphocytes by MACS. From the
hROR2-ECD-Twin-Strep MACS enriched splenic B cells, VH

coding regions were amplified by RT-PCR using VH forward
primers and either Fcγ-specific or Fcµ-specific reverse primers
for the generation of IgG and IgM derived VH libraries. VL

coding regions were amplified using VL (kappa) forward primers
and Igκ light chain constant region-specific reverse primers for
the generation of VL libraries. The VH amplicons (IgG and
IgM derived) were then cloned into transposable expression
vectors in frame with the coding region for human IgG1 heavy
chain constant domains. The VL amplicons were cloned into
transposable expression vectors in frame with the coding region
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FIGURE 1 | Graphic representation of the discovery strategy for novel, fully human mAbs and functional ADCs from immune libraries of Ig transgenic mice. H2L2 Ig

transgenic mice (Harbor BioMed) capable of generating antibodies with completely human VH and VL regions were immunized with soluble human

ROR2-ECD-Twin-Strep. Transpo-mAb compatible libraries were generated from MACS-enriched antigen-specific splenocytes and co-electroporated into L11 mouse

pro-B cells (with a RAG2-knock-out background) employing Piggy-Bac transposase to allow for stable integration. Cell clones expressing antigen-specific antibodies

were single-cell sorted by FACS. Supernatants of these single-cell clones were directly screened for antigen-binding by ELISA and their suitability as an ADC by a

secondary, functional ADC-based cell killing assay. Potent ADC candidates were subjected to sequence recovery of variable domain coding regions by RT-PCR and

validated following expression of the antibodies in HEK293T cells.

FIGURE 2 | hROR2-specific serum titers in H2L2 transgenic and in C57BL/6 wild-type mice. Five H2L2 Ig transgenic mice (A) and 5 wild-type C57BL/6 mice (B)

were immunized with soluble hROR2-ECD-Twin-Strep. Serum samples were collected 7 days prior to immunization as well as on days 7, 28, and 49

post-immunization, i.e., always 7 days following each immunization. Titers in serum against hROR2-ECD-Twin-Strep as well as an unrelated soluble antigen also

containing the same Twin-Strep-tag (Nonspecific Antigen-Twin-Strep) to assess tag-related responses were analyzed by ELISA. Bar graphs show mean values with

standard deviation indicated.

for Igκ light chain constant domains. This resulted in libraries
of expression vectors for fully human IgG1 heavy chains (if IgG
derived, designated HCγ library, and if IgM derived, designated
HCµ library) and for fully human Igκ light chains (designated
LCκ library), which were generated individually from each
mouse. A sample of 10–15 individual plasmid clones from
each library were analyzed by DNA sequencing and IgBLAST
analysis to assess the quality of the transposable expression
vector libraries, which confirmed that the majority of expression
vectors contained bona fide VH (>80% of analyzed plasmid
clones) and VL (>58% of analyzed plasmid clones) coding
regions (Figure S2). This sequence analysis also confirmed that
H2L2 mice indeed generated an antibody response involving the
transgenic Ig heavy and light chain gene loci with fully human
VH and VL coding regions. In addition, plasmid clones derived
from HCµ libraries showed higher sequence identity to their

closest human germline V gene sequence than those derived from
HCγ libraries, reflecting the expected lower frequency of somatic
hypermutations in IgM compared to IgG antibodies (Figure S2).

Following successful quality control of the transposable
IgG1 heavy chain and Ig kappa light chain expression
libraries, cellular libraries were created by stably transposing
the LCκ-library together with either the HCγ- or the HCµ-
library derived from the same mouse into L11 progenitor
B cells capable of efficiently expressing IgG1/κL antibodies
as membrane-bound IgG as well as secreted IgG. This was
achieved by co-electroporating the HC and LC expression
libraries with a Piggybac transposase expression vector (36).
As described previously, the three plasmids (HC-Library:LC-
library:transposase vector) were electroporated at a ratio, at
which roughly 50% of transfected cells contain only a single
HC and LC integration, leading to expression of one mAb per
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cell clone (36). Following antibiotic selection with hygromycin
B and puromycin to select for clones expressing both, HC and
LC, cellular libraries were stained for surface IgG expression
and simultaneous binding to hROR2-ECD-Twin-Strep by FACS
(Figure 3). In general, the majority of cellular library clones
expressed surface IgG at varying levels, indicating a successful
transposition and selection. More importantly, a fraction of
these IgG-expressing cells showed variable binding to hROR2-
ECD-Twin-Strep, with a correlation of cells expressing higher
IgG levels also showing higher hROR2-ECD-Twin-Strep staining
levels, detectable as a cell population in the upper-right
quadrant of the FACS dot plots (Figure 3). From all three mice,
libraries exhibiting high percentages of IgG-positive, hROR2-
ECD-Twin-Strep-reactive cells were observed in the HCγ/LCκ-
paired libraries (mouse 1357: 14.3%; mouse 1359: 35.8%, and
mouse 1363: 12.0%) (Figure 3). In comparison to the HCγ/LCκ-
libraries, HCµ/LCκ-paired libraries showed lower percentages
of IgG-expressing, hROR2-ECD-Twin-Strep-reactive cells in 2
out of 3 mice (mouse 1357: 1.71%, mouse 1359: 14.8%, mouse:
1363 1.17%). This is most likely a reflection of the higher
expected occurrence of antigen binders among secondary and
class-switched IgG antibodies derived from a boost response, as
compared to IgM antibodies, which are either derived from a
primary immune response, or potentially represent antibodies
from T-cell independent re-stimulated non-class-switched B
lymphocytes.

Based on the obtained IgG-hROR2-ECD-Twin-Strep double
stainings, a trapezoid FACS sort window was set (see Figure 3),
in order to sort cells with highest hROR2-ECD-Twin-Strep-
reactivity and reasonable IgG expression levels. From each
library, a total of 288 clones were single-cell sorted. Recovery
following sorting was high, and at least 33% of clones isolated
grew out as individual cell clones (mouse 1357: HCγ/LCκ

62%, HCµ/LCκ 41%; mouse 1359: HCγ/LCκ 69%, HCµ/LCκ

72%; mouse 1363: HCγ/LCκ 44%, HCµ/LCκ 33%, Figure S3).
All recovered individual cell clones obtained from the cellular
libraries were selected for further binding and functional
screening.

Identification of Transpo-mAb Cell Clones
Producing mAbs With hROR2-Reactivity
and High Cell Killing Potency by Direct
Functional ADC Screening
In the next step, all recovered individual cell clones were
evaluated for their binding to hROR2-ECD-Twin-Strep, as
well as for their activity in hROR2-specific cell killing using
cells overexpressing hROR2 protein on the cell surface and a
toxin-conjugated anti-IgG secondary reagent. To assess binding
to hROR2-ECD-Twin-Strep, supernatants from sorted clones
containing secreted antibodies were assessed for IgG expression
and binding to hROR2-ECD-Twin-Strep by ELISA in a single-
well measurement. Then, the ratio between OD = 490 nm
(optical density at a wavelength of 490 nm) for hROR2-ECD-
Twin-Strep-binding and OD = 490 nm for IgG expression
was calculated to normalize hROR2-ECD-Twin-Strep-binding
to antibody expression (Figure 4–medium gray bars). In the

HCγ/LCκ libraries, a large number of clonal supernatants
showed high hROR2-ECD-Twin-Strep-binding/IgG-expression
ratios, indicating that the majority of the single-cell sorted clones
expressed antibodies with hROR2-ECD-Twin-Strep-reactivity
(Figure 4, Figure S4A). In contrast, fewer clones with high
hROR2-ECD-Twin-Strep-binding/IgG-expression ratios were
observed in the HCµ/LCκ-libraries (Figure S4A), demonstrating
a lower prevalence of strong hROR2-ECD-Twin-Strep-binders
in these libraries that were derived from non-class-switched B
lymphocytes.

In addition to the measurement of hROR2-ECD-Twin-
Strep-binding by ELISA, the supernatants were assessed for
in vitro cell killing potency in a secondary ADC assay.
In this approach, clonal supernatants containing secreted
antibodies were incubated with EMT6 cells overexpressing
hROR2, followed by addition of an anti-human Fcγ IgG
coupled to the potent cytotoxic anthracycline PNU-159682 via
a cleavable linker, as described in the Materials and Methods.
Viable cells were quantified following a 3 days incubation
using a luminescence-based cell viability assay in a single-
well measurement (Figure 4–light gray bars). In all libraries,
luminescence signals ranging from low to high were observed,
thus representing clonal supernatants with potent to poor in
vitro cytotoxicity, respectively (Figure 4, Figure S4B). More
importantly, the majority of cell clones exhibited both, strong
hROR2-ECD-Twin-Strep-binding as assessed by ELISA, as well
as high potency toward hROR2-expressing EMT6 cells by a
secondary ADC in vitro cell killing assay, indicating suitability of
the antibodies expressed by these clones as ADCs (Figure 4–solid
border). Interestingly, several clones were identified that showed
strong binding to hROR2-ECD-Twin-Strep in ELISA, but only
poor cytotoxicity in the secondary ADC assay, indicating that
not every hROR2-ECD-Twin-Strep-specific antibody is capable
of mediating effective delivery of the cytotoxic payload of the
secondary ADC to the hROR2-positive EMT6 cells (Figure 4–
dashed line). This demonstrates that our functional assay is
capable of distinguishing hROR2-specific antibodies with and
without in vitro cell killing activity in a secondary ADC assay.
While many clonal supernatants that induced strong in vitro cell
killing were observed in the HCγ/LCκ libraries, there were only
few potent mAbs in the HCµ/LCκ libraries (Figure S4B). This
matches the lower occurrence of strong hROR2-binders in these
libraries. To confirm their in vitro cell killing potency, IgG levels
of selected clonal supernatants were quantified and secondary
ADC assays were then carried out using serial dilutions of clonal
supernatants at defined antibody concentrations. This analysis
confirmed the relative cell killing potencies of the selected
clones (Figure S5). These results suggest that our functional
screening not only allows the straightforward identification
of antibodies that strongly bind hROR2, but also to rapidly
differentiate between antigen-binding clones with or without
activity in an in vitro ADC cell killing assay. Based on the
antigen-reactivity, IgG expression and cell killing activity, 22
hROR2-reactive clones were selected for antibody sequence
recovery. From these 22 clones, six clones each originated
in mice 1357 and 1363, and 10 clones originated in mouse
1359.
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FIGURE 3 | Isolation of hROR2-binders from cellular libraries by FACS. Transpo-mAb-expression libraries were constructed by amplification of coding regions for

human VH and VL domains with human variable domain specific primers using cDNA isolated from hROR2-ECD-Twin-Strep-specific splenocytes and cloning into

transposable vectors, thereby fusing the variable domains in frame to the coding regions of either HCγ1 or LCκ constant domains. By use of Cγ1 or Cµ reverse

primers, VH domain encoding libraries have been isolated from IgG or IgM expressing B lymphocytes. Following transposition of LCκ libraries paired with HCγ libraries

(with VH domains from either IgG or IgM repertoires) into L11 progenitor B cells, these cellular libraries were screened for surface IgG expression and antigen-binding

by simultaneous staining with an anti-human IgG-PE and hROR2-ECD-Twin-Strep detected by an anti-Strep-mAb coupled to a fluorochrome, respectively

(+ hROR2-Twin-Strep). A sample lacking hROR2-ECD-Twin-Strep was stained for comparison (– hROR2-Twin-Strep). Overlays of representative plots of 10,000 cells

are shown. Per library, 288 clones with high hROR2-binding relative to IgG surface levels were single-cell sorted using the indicated sort window and expanded.

FIGURE 4 | Direct screening of supernatants from sorted clones for identification of hROR2-binding clones with high potency as an ADC. Supernatants from

single-cell sorted clones were screened for hROR2 binding and additionally for potency in a secondary ADC cell killing assay. Therefore, IgG levels (dark gray bars) and

binding to hROR2-ECD-Twin-Strep were measured by ELISA (lightest gray bars), presented as ratios of OD490nm hROR2-ECD-Twin-Strep-binding / IgG levels

(medium gray bars). Additionally, the supernatants were used to assess potency of the antibodies for cell killing in a secondary ADC assay. For this, EMT6-hROR2

cells were incubated with a 5-fold dilution of clonal supernatant for 30min. Next, an anti-human Fcγ coupled via a cleavable linker to PNU-159682, a potent cytotoxic

small molecule, was added and incubated with the cells and clonal supernatant for 3 days. EMT6-hROR2 cells incubated with only secondary ADC, but no clonal

supernatant served as a control. Viable cells were then quantified using a luminescence-based cell viability assay. Lower luminescence values [arbitrary units (a.u.)]

indicate more potent killing (light gray bars). The IgG1/Igκ library of mouse 1357 is shown as a representative. Examples of clones with strong hROR2 binding and

potent (solid cell border) as well as poor in vitro killing (dashed lines) are indicated.
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Recovery of VH And VL Coding Regions
From Selected hROR2-Reactive
Transpo-mAb Cell Clones and
Characterization of Novel Fully Human
Anti-hROR2 Antibodies
In the next step, VH and VL coding regions from 22 strongly
hROR2-ECD-Twin-Strep-reactive cell clones that also showed
potent in vitro cell killing activity in the functional ADC assay
were recovered by RT-PCR from the stably Ig heavy chain and
Ig light chain transposed cell clones, and cloned into an EBNA-
based expression vector and sequenced (Figure 5). These clones
displayed 12 distinct clonotypes as defined by their heavy chain
CDR3 sequences with clonotypes GK-1E5, GK-2G8, and MK-
3B12 originating in mouse 1357; clonotypes GK-5A1, GK-5E1,
GK-5G12, GK-6B10, and MK-7C3 originating in mouse 1363;
and clonotypes GK-21D3, GK-22G12, MK-24C10, andMK-24F9
originating in mouse 1359. While most of the corresponding
light chain CDR3 sequences were also distinct, clones GK-
1E5, GK-2G8 and MK-3B12, as well as GK-6B10 and MK-7C3,
shared the same light chain CDR3 sequences, respectively. It
was confirmed that all recovered sequences indeed represented
fully human antibodies, as they shared a higher degree of
sequence identity to their closest human than to their closest
mouse germline V gene sequence, as assessed by IgBLAST. For
the HC sequences, identities to the closest human or mouse
germline V gene sequence ranged from 90.8–98 to 65.3–79.6%,
respectively (Figure 6A). For the LC sequences, identities to
the closest human or mouse germline V gene sequence ranged
from 92.6–99 to 71.9–77.8%, respectively. This in silico IgBLAST
analysis also revealed the germline V gene usage of the identified
anti-hROR2-clonotypes (Table S1). In the HC sequences, the
majority of clonotypes used the VH3-33 gene segment (n =

9), while one clonotype each used the VH4-38, VH3-7 or VH4-
34 gene segment. In the LC sequences, the most prevalent Vκ

gene segment was Vκ1-5 (n = 8), followed by Vκ1-27 (n =

3) and Vκ2-28 (n = 1). These identified V gene sequences
are in line with frequently used human V gene sequences
(40).

The 12 distinct clonotypes defined above were expressed
at a larger scale in mammalian HEK293T cells and purified
using Protein A. To assess the functional properties of the
isolated, now recombinantly expressed monoclonal antibodies,
affinity to hROR2-ECD-Twin-Strep was measured by Surface
Plasmon Resonance (SPR) (Figure 6B, Figure S6). The SPR
measurements confirmed that all recovered and recombinantly
expressed antibodies showed hROR2-ECD-Twin-Strep binding
by SPR with affinities ranging between 0.7 and 347 nM, with
6 of the 12 mAbs having affinities below 10 nM, 5 mAbs
having affinities between 10 and 100 nM, and one mAb clone
with 347 nM affinity. However, the clones displayed variable
association and dissociation rates. 5 mAbs showed favorable and
very slow dissociation rates (e.g. GK-22G12, MK-24F9, GK-5E1,
GK-6B10, and GK-5B12), including some clones with the highest
affinities.

Another important characteristic of therapeutic monoclonal
antibodies is their cross-reactivity to their specific antigen

in relevant toxicology species, e.g., mice and cynomolgus
monkeys. Therefore, binding of the novel, fully human hROR2-
specific mAbs to cynomolgus monkey as well as to mouse
ROR2 was evaluated by ELISA (Figure 6C). While all tested
antibodies strongly bound to human ROR2, only MK-3B12,
GK-5A1, GK-5E1, MK-24C10, MK-24F9, and GK-22G12 were
capable of binding cynomolgusmonkey ROR2-ECD-Twin-Strep.
Interestingly, GK-5A1 also strongly bound to mouse ROR2-
ECD-Twin-Strep, with weaker binding observed also for MK-
3B12 and MK-24F9. While the specific epitopes recognized by
the identified antibodies have not yet been mapped, these results
indicate that different epitopes are recognized by these different
antibodies.

Taken together, the combined screening approach involving
(1) immunization of human Ig-transgenic mice, (2) enrichment
of antigen-reactive splenic B lymphocytes from immunized
animals by MACS, and (3) concomitant screening of Transpo-
mAb IgG display libraries for hROR2 binding and ADC
functionality, resulted in the successful identification of a diverse
panel of 12 novel, fully human anti-ROR2-specific monoclonal
antibodies with nanomolar affinities to hROR2. Furthermore,
some of these antibodies recognized ROR2 from relevant
toxicology species.

Generation and Evaluation of
hROR2-Specific ADCs
Finally, the activity of the 12 novel hROR2-specific monoclonal
antibodies for in vitro cell killing was determined after
conjugation of the recombinant mAbs to a derivative of
the strong cellular toxin PNU-159682. For this, ADCs were
generated by site-specific conjugation of a Gly3-EDA-PNU, or a
Gly5-EDA-PNU linker toxin to the C-termini of the Ig heavy and
light chains by SMAC-technologyTM conjugation as described
previously (39). The cell killing activity of these ADCs was
then assessed on highly hROR2 expressing breast cancer cells
T47D-hROR2, and, as a negative control, on hROR2-negative
L363 multiple myeloma cells (Figure 7A), as described in the
Materials and Methods. Highly potent killing of the highly
hROR2-expressing cell line T47D-hROR2 cells was observed
with all hROR2-specific ADCs, with IC50 values ranging from
12.3 to 168 ng/ml (Table S2). In contrast, the ROR2-negative
cell line L363 showed only minor cell killing at very high
ADC concentrations. As a further control, a L363-reactive ADC
(designated: isotype-mAb-G3-PNU) was included in the panel of
ADCs tested for cell killing on the hROR2-negative and hROR2-
positive cells, demonstrating that L363 cells, but not T47D-
hROR2 cells could be killed with a L363-reactive ADC. Taken
together, these data clearly demonstrate that the novel, fully
human anti-hROR2 mAbs have favorable properties as ADCs for
the specific targeting of hROR2 expressing cells. Interestingly,
the ADC with the lowest cell killing activity (based on mAb
GK-6B10) was among the higher affinity ADCs (KD of 5.8 nM).
Conversely, the lowest affinity ADC (based on mAb GK-21D3
with a KD of 347 nM) had comparable cell killing activity as other,
higher affinity ADCs, where the mAbs displayed single-digit
nanomolar affinities.
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FIGURE 5 | Alignment of amino acid sequences of identified hROR2-specific antibodies. Heavy chain and Kappa light chain variable regions were PCR amplified from

single-cell L11 clones by reverse transcription and subjected to Sanger sequencing. The derived amino acid sequences of recovered VH (A) and Vκ (B) are shown.

Antibodies were annotated using IgBLAST. FR, framework region; CDR, complementarity-determining region. Dashes indicate gaps due to the alignment.

FIGURE 6 | Characterization of novel hROR2-specific antibodies. (A) Identity to the closest human and mouse germline V gene sequence for heavy (HC) and light

chain (LC) as a measure of “humanness” was evaluated in silico using IgBLAST. (B) Isoaffinity plot showing association (ka) and dissociation constants (kd) as

determined by surface plasmon resonance (SPR) using clonal supernatants. Diagonal lines represent equal affinities. (C) Purified antibodies were assessed for binding

to soluble human, cynomolgus monkey and mouse ROR2-ECD-Twin-Strep by ELISA.

DISCUSSION

ADCs represent a promising therapeutic principle for cancer
treatment, because cellular toxins can more specifically be

targeted to tumor cells via TAA-specific antibodies. A potent
ADC kills tumor cells in a target-dependent manner by
specifically binding a TAA via its antibody moiety, which at the
same time needs to induce efficient internalization of the formed
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FIGURE 7 | Validation of ADCs. (A) hROR2 surface expression in cell lines used in this study as determined by FACS using the hROR2-specific antibody XBR2-401

(37) detected using a PE-labeled anti-human Fcγ. Black histograms, ROR2 staining; gray histograms, control staining with only the secondary antibody. (B) Following

recovery of VH and VL sequences by RT-PCR cloning from hROR2-ECD-Twin-Strep reactive Transpo-mAb cell clones and expression in HEK293T cells, purified

recombinant antibodies were site-specifically conjugated to a derivative of the potent cytotoxic payload PNU-159682 by sortase-mediated antibody conjugation

(SMAC-technologyTM) to the C-termini of the heavy and light chain constant domains. These ADCs were tested for their cell killing activity on hROR2 negative (L363),

and hROR2-high (T47D-hROR2) cell lines. Viability of the cells is plotted in arbitrary units (a.u.) of luminescence on the y-axis as a function of the concentration of the

ADCs on the x-axis as a result of a CellTiter-Glo cell-killing assay. hROR2-negative L363 cells were used as negative controls (with an isotype-control mAb in light gray

that binds to a TAA on L363). G3 and G5 designate the length of a glycine linker used in the ADCs, which has previously been shown not to affect ADC potency.

Datapoints represent mean of two replicates and error bars represent SD.

antigen-ADC complex for efficient delivery of the cytotoxic
payload into the tumor cell to release its cytotoxic potential.
Because antibodies do not all internalize at the same rate (26, 27),
ADC discovery would greatly benefit from functional screening
for efficient internalization and eventually cell killing activity
during the very early stages of antibody discovery, thereby
reducing the time and costs for identification of suitable mAbs
for ADC strategies and for pre-clinical development.

Here, we incorporated the functional screening for potent
ADCs into the discovery process for novel, fully human hROR2-
specific antibodies by combining immunization of transgenic
mice with the Transpo-mAb display platform (36). Antigen
binding capability and ADC potency with a secondary ADC
killing assay was simultaneously evaluated by screening cell
culture supernatants from single-cell sorted Transpo-mAb clones
with an anti-human Fcγ antibody coupled to a derivative of
the cytotoxic payload PNU-159682 via a Cathepsin-cleavable
linker (41, 42). This secondary ADC reagent enters the cell
by “piggybacking” onto the internalizing antibody, thereby
allowing high-throughput screening for internalizing antibodies
without prior cloning, re-expression of mAbs, and generation
of ADCs from selected cell clones. Strategies for screening for
internalizing antibodies using a secondary antibody to deliver a
toxic payload have been described previously, including delivery
of a protein toxin (43) or a small molecule cytotoxic agent
such as Monomethyl auristatin E (MMAE) (44). However, it is
important to note that these approaches employed hybridoma
supernatants for functional screening, and that the recombinant
cloning and sequence determination of hybridoma mAbs is
often associated with significant challenges. In contrast, the
approach described here involves recombinant libraries where
the sequences of identified antibodies are readily available. In
addition to the delivery of toxic payloads, other strategies to

functionally screen for internalizing antibodies using secondary
reagents have been described, e.g., using a pH-sensitive dye such
as CypHer5E (45) or a dual label consisting of the fluorophore
DL650 and the quencher DL650-QC1 (46). Similar to these
assays, our secondary ADC assay likely requires internalization of
the antigen-secondary ADC complex by endocytosis and delivery
of the complex to the lysosome for proper release and function of
the payload in the low pH, protease-rich environment (44, 47).
Thus, while both reported fluorescence-based high-throughput
methods allow measuring antibody internalization, our assay
more closely mimics a primary ADC as it contains a cytotoxic
payload and is therefore more predictive of its function and
potency as a directly conjugated ADC.

It is important to note that our assay uses an IgG-based rather
than a Fab-based secondary reagent. Through the bivalency of the
IgG, there is a potential risk for crosslinking of the antigen which
could result in an enhanced internalization rate (48). However,
these differences are expected to be minor, and it has been found
that incubation of the naked antibody Herceptin with either Fab-
or IgG-based secondary ADC reagents on HER2-expressing cell
lines resulted in comparable IC50 values (personal communication
from Moradec Inc., www.moradec.com). While we used PNU-
159682 as a model toxin due to its high potency (38, 49), the
assay described herein is versatile and can be used with secondary
ADC reagents conjugated to any other toxin, including tubulin-
inhibitors, and using any suitable target-positive cell line.

In many library screening approaches, antibodies are screened
for binding to their target, e.g., by ELISA. However, there is
evidence that high affinity does not always correlate with good
internalization (50). Similarly, we observed that affinitymeasured
by SPR was not directly correlated with potency as an ADC.
While some antibodies with low nanomolar KD values induced
potent cytotoxicity, we also observed that an ADC based on
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clone GK-6B10 (KD = 5.8 nM) mediated the lowest potency on
T47D-hROR2 cells, whereas an ADC based on the low affinity
clone GK-21D3 (347 nM) was quite potent (Figures 6B, 7). These
differences are likely to be related to the recognition of different
epitopes, which is supported by the observation that 4 of the 5
cynomolgus monkey ROR2-crossreactive mAbs (MK-3B12, GK-
22G12, MK-24C10, MK-24F9) give rise to ADCs ranking among
the 5 most potent ADCs. This underlines that internalization is
a complex process not only depending on binding affinity to the
cognate target, but also on the epitope the antibody recognizes,
the internalization rate of the antigen-ADC complex and the
target surface expression (26, 51). This further highlights the
importance of functionally screening antibodies for their ability
to deliver a cytotoxic payload, rather than just for affinity, in a
high-throughput setting during early discovery of ADCs.

One important aspect of our present study is the use of
fully human immune libraries in the functional screening for
ADC candidates. The discovery of fully human antibodies is
highly desired for therapeutic use due to an expected lower
risk of immunogenicity associated with a better efficacy and
safety profile. Human antibodies can be obtained by numerous
methods, including screening phage or yeast display libraries,
identification of human mAbs from human PBMCs or antibody
discovery from various human Ig transgenic mice (52–56).
While some human antibody transgenic mouse strains achieve
comparable serum titers to wild-type mice in response to antigen
challenge, most transgenic mice have lower titers than wild-type
mice (52, 57). We also observed lower serum titers in H2L2 Ig
transgenic mice compared to wild-type mice following the same
immunization strategy. Importantly, the serum titers in H2L2
mice we observed were in line with previous reports (Patent
WO2017063593A1, WO2017016497A1), where titers around
1:10,000 as measured by ELISA were achieved using different
antigens for immunization. This is possibly explained by the
fact that the H2L2 transgenic mice harbor a small subset of
variable, diversity and joining gene segments in comparison to
the endogenous germline repertoire of variable, diversity and
joining gene segments in the wild-type mouse genome. However,
it is also possible that the human VH and VL coding regions
assembled from the transgenic miniloci in combination with the
rat constant regions contained in these transgenic constructs
may not be able to generate the same signal quality during early
B lymphopoiesis in the bone marrow of the transgenic mice,
which may result in lower peripheral B cell numbers. During
early pre-B cell development in the bone marrow of wild-type
mice, V(D)J recombination on the heavy chain locus precedes
V(D)J recombination on the light chain locus (58) and pre-B cells
with a productive heavy chain rearrangement are expanded by
expression of a pre-B cell receptor (pre-BCR) formed by the µH
chain with the VpreB and λ5 surrogate light chain components
(59, 60). This proliferative expansion of so-called pre-B-II cells
with a signaling pre-BCR is critical for an effective generation
of a full peripheral B cell compartment, as evidenced by mice
with lack of either surrogate light chain components (61), or
lack of the µH chain transmembrane anchor (62), or of the pre-
BCR/BCR signaling components, B29 and mb-1. In addition, it
is also possible that the human VH and VL regions following

productive rearrangements do not mediate proper association
with the murine surrogate light chain components, VpreB and
λ5, thus compromising pre-BCR signaling and generation of a
proliferating preB-II cell compartment. Equally, it is possible
that the transgenic heavy and light chain gene loci do not
mediate the proper sequential V(D)J recombination events on
the heavy and the light chain gene loci and that IgMs from
simultaneously rearranged transgenic heavy and light chain
gene loci are expressed, which may not be able to trigger the
proliferative expansion of pre-BCR expressing pre-B-II cells to
the same extent as in wild-type mice. This would result in
only a slow filling up of a normally sized peripheral B cell
population, as observed in surrogate light chain knock-out mice
(59), which depend on productive V to J gene rearrangements
of conventional light chain loci, in the absence of the capacity
to express a pre-BCR comprising a surrogate light chain (61).
Without a detailed analysis of the pre-B and B cell subsets in
H2L2 Ig transgenic mice it is not possible to predict, which of the
discussed mechanisms accounts for the roughly 9-fold reduced
antibody titers upon immunization of H2L2 mice vs. wild-type
mice. Nevertheless, despite a weaker humoral immune response,
we were able to identify a very diverse set of novel high affinity
and fully-human anti-ROR2-specific antibodies from H2L2 mice
for further characterization and development.

In summary, the combination of an immunization strategy
of H2L2 transgenic mice with the IgG Transpo-mAb display
platform expressing fully human antibodies has proven
to be a powerful and effective method to identify novel
hROR2 antibodies with potent cell killing activity as ADCs
early during the antibody discovery process. Through the
straightforward functional screening of soluble antibodies
directly from the supernatants of sorted cells, we identified
12 fully human, monoclonal hROR2-specific antibodies with
distinct characteristics with the potential to result in potent
ADCs and the potential to be promising drug candidates for
human tumor therapy. The functional screening approach
presented here will be highly beneficial for the fast and efficient
discovery of fully human antibodies and greatly help accelerate
the development of ADCs.
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Figure S1 | Primer sequences for library construction. Primers were either

adapted from ∗(1) Sblattero and Bradbury (63); (2) Tiller et al. (64); (3) Berry et al.

(65); or (4) developed in-house.

Figure S2 | Quality control analysis of the transposable expression vector libraries.

10–15 individual plasmids derived from the HCγ, HCµ, and LCκ libraries of mice

1357, 1359, and 1363 were analyzed using DNA sequencing and in silico

IgBLAST analysis. IgBLAST was used to annotate the CDR3 sequences and to

determine the sequence identities of the identified variable domains to their

closest human germline V gene sequence. Sequences with an early stop codon

were defined as incomplete.

Figure S3 | Recovered clones following single-cell sorting for hROR2-binding

cellular library clones. A total of 288 clones per library were sorted and expanded.

The number and percentage of recovered clones are indicated.

Figure S4 | Direct screening of supernatants from sorted clones allows

identification of hROR2-binding clones with high potency as an ADC. (A)

Supernatants from sorted single-cell cellular clones of the (GK) and (MK) libraries

(GK = VH sequences cloned from IgGs, MK = VH sequences cloned from IgMs

based on different reverse primers used) derived from mice 1357, 1359, and 1363

were functionally screened for IgG levels and hROR2-ECD-Twin-Strep binding by

ELISA in a single-well measurement. Normalized hROR2 binding was expressed

as the ratio of OD = 490 nm hROR2-ECD-Twin-Strep binding and OD = 490 nm

IgG expression for all clones from the different libraries and is shown as box-plots.

(B) All supernatants were also assessed for potency as an ADC using a secondary

ADC assay. For this, EMT6-hROR2 cells were incubated with clonal supernatant

without normalization for IgG levels for 30min, before addition of an anti-human

Fcγ coupled via a cleavable linker to PNU-159682. Viable cells were quantified

following a 3 days incubation using a luminescence-based cell viability assay.

Lower luminescence values in the box-plots indicate more potent killing.

Figure S5 | Validation of in vitro killing potency of selected clones from functional

ADC screening. Twelve clonal L11 supernatants with potent in vitro killing and four

supernatants with poor in vitro killing (GK-1C6, GK-1G6, MK-3E5, and MK-3A11)

were selected for testing in a secondary ADC assay using a range of defined

concentrations to confirm their in vitro cell killing potency. To do so, IgG levels of

the supernatants were quantified by ELISA and IgG concentration in all

supernatants was adjusted to the lowest expressor. EMT6-hROR2 cells were

incubated with 2-fold serial dilutions of these normalized clonal supernatants for

30min, followed by the addition of an anti-human Fcγ coupled via a cleavable

linker to PNU-159682. After a 3 days incubation, viable cells were quantified using

a luminescence-based cell viability assay. (A) Viability of the EMT6-hROR2 cells

plotted in arbitrary units (a.u.) of luminescence on the y-axis as a function of the

IgG concentration in the supernatants on the x-axis. Clonal supernatants that had

potent or poor in vitro cell killing potency in the initial functional ADC screening are

shown in black or gray, respectively. (B) shows luminescence values that had

been determined in the one-well secondary ADC assay during functional ADC

screening compared to the IC50 values which were determined in the secondary

ADC assay using serial dilutions of normalized supernatants for the same clonal

supernatants. IC50 values were calculated using a four-parameter curve fitting

model in GraphPad Prism. n/a indicates IC50 values that could not be calculated

due to a lack of in vitro killing.

Figure S6 | SPR sensorgrams of anti-hROR2 antibodies. Affinities were measured

by multi-cycle SPR on a Biacore T200 instrument (GE Healthcare). Antibodies

were captured by Protein A or G immobilized on a CM5 sensor chip, followed by

the addition of hROR2-ECD-Twin-Strep used as 2-fold serial dilutions ranging

from 40 to 2.5 nM. KD values as a measure of binding affinity are indicated.

Table S1 | Germline V gene usage of identified anti-hROR2-clonotypes. The

closest human germline V gene sequences of heavy (HC) and light chain (LC) were

identified in silico using IgBLAST.

Table S2 | In vitro cell killing by anti-hROR2-ADCs. IC50 values (ng/ml) reported

here represent the IC50 values of the hROR2-specific ADCs tested for their cell

killing activity on hROR2-negative L363 and hROR2-high EMT6-hROR2 cell lines

in Figure 7. IC50 values were calculated from the mean of two replicates using a

four-parameter curve fitting model in GraphPad Prism.
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Prophylactic and Therapeutic effects 
of interleukin-2 (il-2)/anti-il-2 
complexes in systemic lupus 
erythematosus-like chronic  
graft-Versus-host Disease
Stefan Heiler*‡, Jonas Lötscher†‡, Matthias Kreuzaler†, Johanna Rolink and  
Antonius Rolink§

Developmental and Molecular Immunology, Department of Biomedicine, University of Basel, Basel, Switzerland

Murine chronic graft-versus-host-disease (cGvHD) induced by injection of parental lym-
phocytes into F1 hybrids results in a disease similar to systemic lupus erythematosus. 
Here, we have used DBA/2 T cell injection into (C57BL/6 × DBA/2)F1 (BDF1) mice as 
a model system to test the prophylactic and therapeutic effects of interleukin-2 (IL-2)/
anti-IL-2 immune complexes on the course of cGvHD. Our findings demonstrate that 
pretreatment with Treg inducing JES6/IL-2 complexes render BDF1 mice largely resis-
tant to induction of cGvHD, whereas pretreatment with CD8+ T cell/NK cell inducing 
S4B6/IL-2 complexes results in a more severe cGvHD. In contrast, treatment with JES6/
IL-2 complexes 4 weeks after induction had no beneficial effect on disease symptoms. 
However, similar treatment with S4B6/IL-2 complexes led to a significant amelioration 
of the disease. This therapeutic effect seems to be mediated by donor CD8+ T cells. 
The fact that a much stronger cGvHD is induced in BDF1 mice depleted of donor CD8+ 
T cells strongly supports this conclusion. The contrasting effects of the two different IL-2 
complexes are likely due to different mechanisms.

Keywords: chronic graft-versus-host-disease, interleukin-2/anti-interleukin-2 complexes, lupus, host regulatory 
T cells, donor cD8+ T cells, interleukin-2 receptor, autoantibodies, immune complex-mediated glomerulonephritis

inTrODUcTiOn

Systemic lupus erythematosus (SLE) is a complex, systemic autoimmune disease affecting multiple 
organs (1). High titers of autoantibodies binding to nuclear components, including histones and 
DNA, are characteristic of SLE and are routinely used as a disease marker in clinical diagnosis. 
Immune complex-mediated glomerulonephritis (ICGN), likely resulting from renal deposition 
of immune complexes and autoantibodies, is a common and severe clinical manifestation of SLE 
causing high mortality among affected individuals (2). Although the cellular and molecular events 
leading to breakdown of tolerance and the emergence of pathologic autoantibodies are still rather 
obscure, genetic traits clearly play a pivotal role in the susceptibility to SLE (3, 4). Once tolerance is 
broken either at the T cell or B cell level, self-amplifying/sustaining loops of antigen-presentation 
and lymphocyte-activation contribute to the generation of high-affinity autoantibodies (5, 6). 
Notably, the majority of pathogenic autoantibodies found in SLE are somatically hypermutated 
and class-switched, indicating differentiation and affinity maturation of autoreactive B  cells in 
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the germinal centers of secondary lymphoid organs. Moreover, 
through somatic hypermutation, previously non-autoreactive 
precursors can also contribute to the pool of self-antigen reac-
tive B cells (7, 8). Follicular helper T (Tfh) cells play important 
roles in germinal center reactions leading to the generation of 
high-affinity B cell clones and long-lived memory (9). There is 
accumulating evidence that aberrant Tfh responses contribute to 
SLE pathology, and new therapeutic approaches targeting Tfh-
associated molecules are currently being tested (10). Up to now, 
standard SLE therapy depends on general immunosuppressive 
and anti-inflammatory drugs (11). More recently, the anti-BAFF 
monoclonal antibody (mAb) belimumab showed beneficial 
therapeutic effects in combination with standard drugs in clinical 
studies and has been approved for SLE therapy (12, 13). However, 
there is still an unmet clinical need for more specific therapies to 
improve the treatment of lupus.

Autoimmune-prone mice that spontaneously develop lupus-
like disease have substantially contributed to a better under-
standing of genetics underlying disease development through 
identification of several loci contributing to disease susceptibility 
(14, 15). Moreover, spontaneously occurring mutations in, or 
targeted disruption of, specific genes in mice leading to SLE-like 
symptoms facilitate the identification of molecular events con-
tributing to the pathogenesis of lupus (16).

The chronic graft-versus-host-disease (cGvHD) represents 
another commonly used mouse model for SLE-like disease 
and can be induced by transferring CD4+ T cells into MHC-II 
mismatched recipients otherwise not prone to develop SLE-like 
autoimmunity (17). A well-established strain combination for the 
induction of cGvHD is the injection of parental DBA/2 (H2d/d) 
lymphocytes into semi-allogeneic (C57BL/6 × DBA/2)F1 (BDF1) 
(H2b/d) recipients (18). These mice develop symptoms closely 
resembling SLE, including high titers of anti-nuclear antibodies 
(ANA), anti-isologous erythrocyte (anti-RBC) antibodies, and 
fatal ICGN (19, 20). The known time point of disease induction 
facilitates studies on disease kinetics in this model. Moreover, the 
relatively easiness to manipulate the course of the disease and 
the rapid kinetics of disease development are, in our opinion, 
advantages to the spontaneous models mentioned above.

Interleukin-2 (IL-2) is a type I cytokine, produced primarily by 
conventional T cells, with pleiotropic effects on various cells of the 
immune system (21). Paradoxically, IL-2 can exert contradictory 
effects depending on the immunological context. On one hand, 
IL-2 exerts stimulatory effects on immune responses by expand-
ing effector T cell populations. On the other hand, IL-2 can be 
immunosuppressive by inducing the proliferation of regulatory 
T cells (Tregs) that critically depend on IL-2 for homeostasis and 
to maintain their suppressive capacity (22). Thus, this property 
makes IL-2 an important regulator of peripheral self-tolerance 
by balancing the ratio of effector T cells and Tregs. Interestingly, 
T cells in some SLE patients were shown to be hyperactivated, but 
at the same time also produce less IL-2 compared to cells from 
healthy individuals (23, 24). Accordingly, impaired IL-2 produc-
tion in some SLE patients might account for disturbed Treg 
homeostasis leading to a breakdown of tolerance to self-antigens.

Initially, IL-2 was discovered and described as growth factor 
for T cells due to its ability to induce activation and proliferation 

of T cells in vitro (25, 26). Based on these findings, IL-2 was later 
on used as therapeutic treatment for renal cell carcinoma and 
metastatic melanoma. A major drawback, however, was the short 
half-life (~5 min) of IL-2 in the circulation and its toxicity at high 
doses. Thus, high-dose regimes necessary to achieve a clinical 
effect were accompanied by severe side effects, including a gen-
eral vascular leakage syndrome. Additionally, response rates were 
rather poor at that time (5–10%) (27, 28). This might have in part 
contributed to the prevailing opinion that IL-2 has only a limited 
clinical potential. However, already by the 1990s, it was shown 
that autoimmune symptoms developing in MRL/lpr mice could 
be efficiently ameliorated by transfection with an IL-2-producing 
retroviral vector (29). Although this study provided evidence for 
IL-2 as potential treatment in autoimmune settings, this highly 
interesting finding was never followed up, likely due to the severe 
side effects of IL-2 observed in cancer immunotherapy.

More than 10  years ago, Boyman and co-workers elegantly 
demonstrated that the efficiency of IL-2 treatment could be 
readily enhanced and at the same time severe side effects could 
be prevented or largely reduced when IL-2 was administered as 
an immune complex bound to an anti-IL-2 mAb (30). Moreover, 
the authors showed that depending on the anti-IL-2 mAb used 
for the formation of the immune complexes different T  cell 
subsets could be stimulated and expanded. Administration of 
IL-2 complexes generated with anti-IL-2 mAb JES6.1 (JES6/IL-2) 
selectively stimulate expansion of Tregs, whereas injection of IL-2 
complexes formed by anti-IL-2 mAb S4B6 (S4B6/IL-2) induce 
predominantly an expansion of the CD8+ T  cell compartment 
and to a fewer extend an expansion of NK cells (31).

Structural analysis of IL-2 complexes suggests that mAb JES6.1 
blocks epitopes of the IL-2 molecule involved in binding to IL-2 
receptor β-chain (IL-2Rβ) and common γ-chain (γc) subunits, 
thus promoting interaction with IL-2 receptor α-chain (IL-2Rα). 
This in turn increases the biological availability to cells expressing 
high-affinity IL-2 receptors (IL-2Rαβγ) like Tregs. In contrast, 
mAb S4B6 blocks the epitope required for interactions with 
IL-2Rα, thus favoring interaction with low-affinity IL-2 receptors 
(IL-2Rβγ) expressed at high levels on CD8+ T cells (32, 33). Up to 
now, the efficiency of IL-2 complexes in immunotherapy has been 
demonstrated in several murine models. It was shown that JES6/
IL-2 complexes promote allograft survival, suppress the devel-
opment of arthritis, and prevent the induction of experimental 
autoimmune encephalomyelitis (34–36). In contrast, S4B6/IL-2 
complexes have been shown to enhance anti-tumor activity  
(37, 38). Whether IL-2 complexes might be equally efficient for 
the treatment of murine SLE-like autoimmune symptoms result-
ing from cGvHD has not yet been addressed in detail.

In this study, we examined the prophylactic and therapeutic 
effects of JES6/IL-2 and S4B6/IL-2 complexes on cGvHD. Our 
findings demonstrate that Treg expansion by JES6/IL-2 com-
plexes, prior to disease induction, protects mice to a large extend 
from developing cGvHD. On the other hand, therapeutic admin-
istration of S4B6/IL-2 complexes 4 weeks after disease induction 
leads to significant amelioration of the disease. Interestingly, 
prophylactic treatment with S4B6/IL-2 complexes induces exac-
erbated cGvHD, whereas treatment of ongoing disease with JES6/
IL-2 complexes has no significant effect on disease symptoms. 
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Moreover, we show that donor CD8+ T  cells are an important 
factor in cGvHD development. When cGvHD is induced in the 
absence of donor CD8+ T cells, the disease is significantly aggra-
vated, suggesting an inhibitory role of these cells on the course 
of cGvHD. The potential mechanism by which IL-2 complexes 
interfere with cGvHD and how donor CD8+ T cells contribute to 
suppression of disease is discussed.

MaTerials anD MeThODs

Mice
(C57BL/6 × DBA/2)F1 (BDF1) and DBA/2 were bred in our animal 
facility and all mice were maintained under specific pathogen-free 
conditions. For experiments and analysis, age- and sex-matched 
mice between 8 and 12 weeks of age were used. Animal experi-
ments were carried out within institutional guidelines (auth-
orization number 1888 and 2434 from Cantonal Veterinarian  
Office, Basel).

Preparation of Donor cells and  
induction of gvhD
For preparation of donor cells, spleens and LN (cervical, axillary, 
brachial, inguinal, and mesenteric) were removed from DBA/2 
mice and gently passed through a 40 µm nylon mesh to obtain 
single cell suspensions in serum-free (SF) IMDM supplemented 
with 2% FCS (MP Biomedical, USA) and 0.5% Ciproxine (Bayer 
AG, CH). Spleen cell suspensions were treated with ACK buffer to 
lyse erythrocytes. Single cell suspensions were pooled, counted by 
Trypan blue exclusion, and washed in SF IMEM (Sigma-Aldrich, 
USA) prior to injection. GvHD was induced by i.v. injection of 
70 × 106 DBA/2 lymphocytes in a volume of 200 µl SF-IMEM.

Depletion of Donor cD8+ T cells
In order to obtain donor cell suspensions depleted of CD8+ 
T cells, DBA/2 mice were injected i.v. with 200 µl of 1 mg/ml YTS-
156, a rat anti-mouse mAb specific for CD8β, 4 days before the 
mice were used to prepare cell suspensions. YTS-156 was purified 
from hybridoma culture supernatant according to standard pro-
cedures. The efficiency of CD8+ T cell depletion was confirmed 
by flow cytometry using fluorescent-labeled anti-CD8α-specific 
mAb (53-6.7).

Preparation of il-2 complexes
For a single injection, 2.5  µg rIL-2 and 7.5  µg anti-IL-2 mAb 
JES6.1A12 (BioXCell, USA) or S4B6 (purified from hybridoma 
culture supernatant by standard procedure) were mixed to pre-
pare the IL-2 complexes. After a 30 min incubation at 37°C, the 
volume was adjusted to 200 µl with sterile PBS and injected i.p. 
into mice. Control mice were left untreated.

Detection of autologous igg anti-
erythrocyte antibodies (anti-rBc)
For the detection of anti-RBC antibodies in blood of cGvHD 
mice, Coombs test was performed as described elsewhere (18). 
Briefly, 100 µl heparinized blood was first diluted in the ratio of 
1:20 in PBS containing 2% FCS and 0.1% of 1 M NaN3. 25 µl of 

diluted blood was incubated with 50 µl of 1:200 diluted fluorescein 
isothiocyanate (FITC)-labeled goat anti-mouse IgG antibody 
(Jackson ImmunoResearch, USA) for 30 min at 4°C. Cells were 
washed and bound antibody was detected using a FACSCalibur 
(BD Bioscience, USA) flow cytometer. Mice were scored posi-
tive when the median of fluorescence intensity of staining was 
increased more than twofold compared to healthy controls.

Detection of ana
For the detection of ANA in the sera of cGvHD mice, 8 µm sec-
tions of snap-frozen kidneys obtained from RAG2−/− mice were 
used. Sections were first incubated with 80 µl serum from cGvHD 
mice diluted from 1:20 to 1:5,120 for 30 min at room temperature 
(RT) in the dark. After washing, bound ANA were detected by 
incubation with 80 µl of a 1:200 diluted FITC-labeled goat anti-
mouse IgG antibody for 30 min at RT in the dark. The titer was 
determined by using a fluorescent microscope (Zeiss Axioscope) 
and was defined as the highest dilution that still gave a specific 
nuclear staining. Mice containing sera with titers lower than 1:20 
were considered as negative for ANA.

Measurement of Proteinuria
Proteinuria was determined semi quantitatively in weekly inter vals 
using Albustix (Siemens Healthcare Diagnostics Inc., Newark, 
Delaware). Elevated protein levels in the urine are indicative of 
failure in kidney function (20). Mice were scored positive when 
a concentration >3 mg/ml was indicated by color change of the 
Albustix.

immunhistological analysis
Kidneys from proteinuria positive mice were embedded in 
OCT-compound (Sakura Finetek, Netherlands) and snap-frozen 
on dry ice. 8 µm sections were prepared on glass slides, fixed in 
acetone for 10 min, and dried. For the detection of immune com-
plex deposition in the glomeruli, sections were incubated with 
FITC-labeled goat anti-mouse IgG antibody for 30 min at RT. For 
the detection of complement deposition, kidney sections from 
cGvHD mice were incubated for 30 min at RT in the dark with 
FITC-labeled anti-C3 mAb (a kind gift of Dr. S. Izui, University of 
Geneva) diluted 1:100 in FACS buffer. Bound FITC-labeled mAb 
was detected by using a fluorescent microscope.

Flow cytometry
For analysis by flow cytometry, lymphoid organs were removed 
and single cell suspensions were prepared by gently passing the 
organs through a 40 µm nylon mesh into SF-IMDM containing 
2% FCS and 0.5% Ciproxin. In order to lyse erythrocytes, spleen 
cell suspensions were treated with ACK buffer for approximately 
1 min. Staining was performed in a 96-well round bottom plate in 
a total volume of 100 µl containing 50 µl cell suspension (1–2 × 107 
cells/ml) and 50 µl diluted antibody mix. Cells were incubated 
for 30 min on ice in the dark. Cells were washed twice in FACS 
buffer. When biotinylated antibodies were used, a second staining 
step (20 min, 4°C, in the dark) was performed for the binding 
of streptavidin-coupled fluorochromes. If applicable, cells were 
resuspended in FACS buffer containing 5  µg/ml propidium 
iodide (Sigma-Aldrich, USA) to exclude dead cells. Intracellular 
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stainings were performed according to standard procedures. In 
brief, subsequent to surface staining, cells were fixed either with 
PBS containing 2% paraformaldehyde or with fix/perm buffer 
(eBioscience, USA) followed by the intracellular staining in FACS 
buffer containing 0.5% saponin (Sigma-Aldrich, USA) or in per-
meabilization buffer (eBioscience, USA). Intracellular stainings 
were incubated for 30 min at 4°C in the dark followed by wash-
ing steps in FACS buffer to remove unbound antibodies. Flow 
cytometry was performed on a FACSCalibur or LSRFortessa flow 
cytometer (BD Bioscience, USA) and data was analyzed using 
FlowJo (Tree Star, USA) software. Donor and host cell popula-
tions were distinguished by the expression of H2-Kb and H2-Kd. 
Representative plots of presented key populations are provided in 
Figure S1 in Supplementary Material.

Phorbol-12-Myristate-13-acetate (PMa)/
ionomycin stimulation for Detection  
of iFn-γ
Single cell suspensions were stimulated during 4 h using 1 µg/ml  
ionomycine (Sigma-Aldrich, USA) and 5 ng/ml PMA (Calbiochem, 
USA) in the presence of 10  µg/ml brefeldin A (Sigma-Aldrich,  
USA). Cells were harvested and stained by standard intracellular 
staining procedures (see above).

antibodies
Fluorescein isothiocyanate-, phycoerythrin- (PE), allophycocyanin-, 
Pacific Blue- (PB), Brilliant Violet- (BV), PE-Cy7-, PerCP-Cy5.5, 
or biotin-labeled monoclonal antibodies specific for CD4 (GK1.5), 
CD8α (53–6.7), CD8β (YTS-156.7.7), CD25 (PC61), CD44 
(IM7), H2-Kb (Y3), H2-Kd (19.191), TCRβc (H57–597), CD62L 
(Mel-14), CXCR5 (L138D7), PD-1 (RMP1-30), IFN-γ (XMG1.2), 
or FoxP3 (FJK-16s) were purchased from BD Bioscience, eBio-
science, or BioLegend, or purified from hybridoma culture super-
natant and fluorescently labeled in our laboratory according to 
standard procedures. Antibodies were titrated and used at the 
lowest dilution that gave the best separation.

resUlTs

Prophylactic administration of il-2 
complexes
To investigate the effect of prophylactic administration of IL-2 
complexes on the development of SLE-like murine cGvHD, BDF1 
mice received i.p. injections of IL-2 complexes (either S4B6/IL-2 
or JES6/IL-2) on three consecutive days before disease induction. 
The cGvHD was induced by i.v. injection of parental (DBA/2) 
lymphocytes from pooled preparations of splenocytes and LN 
cells. Disease development was followed by measuring the pres-
ence of anti-RBC antibodies in the blood, the titers of ANA in the 
serum, and the incidence of proteinuria over a period of 12 weeks.

Prophylactic treatment with JES6/IL-2 complexes (pJES6/
IL-2) was highly efficient in ameliorating the SLE-like symptoms 
of murine cGvHD throughout the observation period. As shown 
in Figure 1, prophylactic JES6/IL-2 treatment results in reduced 
frequency of anti-RBC positive mice in the Coombs test as well 
as decreased titers of ANA in the serum (Figures 1A,B). This was 

evident at all measured time points. Mice receiving a prophylactic 
JES6/IL-2 treatment showed delayed onset and reduced incidence 
of proteinuria (Figure  1C). Analysis of kidneys of proteinuria 
positive mice by immunohistochemistry showed reduced deposi-
tion of immune complexes and complement in those mice that 
were pretreated with JES6/IL-2 complexes (Figure 2B) compared 
to untreated cGvHD mice (Figure 2A).

Surprisingly, prophylactic treatment with the S4B6/IL-2 com-
plexes (pS4B6/IL-2) induced stronger autoimmune symptoms 
and a more aggressive course of disease. At all measured time 
points, a higher fraction of mice was positive for the produc-
tion of anti-RBC antibodies in the group receiving prophylactic 
S4B6/IL-2 treatment (Figure 1D). These mice also had signifi-
cantly elevated ANA titers in the serum at 4 weeks after disease 
induction compared to the controls (Figure 1E). The decreased 
ANA titers measured at 12 weeks after disease induction might 
be a consequence of the faster kinetics and higher incidence of 
ICGN in that group. Pretreatment with S4B6/IL-2 complexes 
resulted in full penetrance of proteinuria by 9 weeks after disease 
induction (Figure  1F). Moreover, mice pretreated with S4B6/
IL-2 complexes showed increased renal deposition of immune 
complexes and complement (Figure 2C) compared to mice with 
untreated cGvHD. Besides the significant amounts of albumin 
secreted by the urine of mice undergoing cGvHD, there is likely 
a considerable loss of immune globulins that might explain 
the decreased ANA titers at 12  weeks after disease induction. 
Despite the reduced number of experimental animals receiving 
prophylactic S4B6/IL-2 treatment, a statistically significant effect 
on disease symptoms could be observed that clearly contrasts to 
the observations in the control group. Although not compared 
directly within one experiment, the effects of prophylactic S4B6/
IL-2 or JES6/IL-2 treatment were in marked contrast to each 
other and do not arise from variations in the control groups.

In summary, prophylactic treatment with JES6/IL-2 com-
plexes leads to an amelioration of SLE-like symptoms, whereas 
the prophylactic treatment with S4B6/IL-2 markedly aggravates 
disease symptoms when compared to mice with the untreated 
form of murine cGvHD.

cellular Mechanism Underlying the 
Opposing effects of Jes6/il-2 Versus 
s4B6/il-2 Prophylactic Treatments
To gain further insight into how prophylactic administration of 
IL-2 complexes modifies cellular responses during cGvHD, we 
performed multicolor flow cytometry analysis on mice, prophy-
lactically treated with IL-2 complexes, 2 weeks after disease induc-
tion. Total spleen size was similar to untreated mice (Figure 3A), 
but numbers of engrafted donor CD4+ T cells recovered from the 
spleens of mice prophylactically treated with JES6/IL-2 complexes 
was significantly reduced compared to those of the controls 
(Figure  3B). Moreover, donor CD4+ T  cells were less activated 
(Figure  3C) and the population of donor CD4+ T  cells with a 
central memory phenotype (CD44+/CD62L+) was significantly 
reduced (Figure 3D). Interestingly, there was no significant dif-
ference in Tfh cells, identified by staining for the surface mark-
ers, PD1 and CXCR5, in the prophylactically JES6/IL-2-treated 
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FigUre 1 | Effect of prophylactic treatment with interleukin-2 (IL-2) complexes on autoimmune symptoms of mice undergoing chronic graft-versus-host-disease 
(cGvHD). (a–c) The beneficial effect of prophylactic JES6/IL-2 treatment on BDF1 mice undergoing cGvHD (pJES6/IL-2: n = 20; untreated cGvHD: n = 19).  
(D–F) The adverse effect of prophylactic S4B6/IL-2 treatment on BDF1 mice undergoing cGvHD (pS4B6/IL-2: n = 14; untreated cGvHD: n = 17). (a,D) Cumulative 
frequencies of mice positive for anti-RBC autoantibodies determined at 4, 8, and 12 weeks of cGvHD. Numbers above the bars indicate positive mice. Open bars: 
untreated cGvHD; Filled bars: cGvHD prophylactically treated with JES6/IL-2 (black) or S4B6/IL-2 (gray) complexes. Statistical significance (p < 0.05) was calculated 
using a two-tailed Fisher’s exact test and is indicated by the p-value. (B,e) IgG anti-nuclear antibodies (ANA) titer in the serum of cGvHD mice determined 4, 8, and 
12 weeks after disease induction. Horizontal bars indicate mean ANA titers in each group. Titers below the dotted line represent mice negative for IgG ANA. 
Deviations from initially used numbers of mice are indicated at the respective time point. Statistical significance (p < 0.05) was calculated using an unpaired 
Student’s t-test and is indicated by the p-value. Open circles: untreated cGvHD; filled squares: cGvHD prophylactically treated with JES6/IL-2 (black) or S4B6/IL-2 
(gray) complexes. (c,F) Frequencies of mice positive for proteinuria as determined by elevated albumin in the urine. Statistical significance (p < 0.05) was calculated 
using the Mantel–Cox test and is indicated by the p-value. Dotted line: untreated cGvHD; solid line: cGvHD prophylactically treated with JES6/IL-2 (black) or S4B6/
IL-2 (gray) complexes.
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FigUre 2 | Immunohistological staining of IgG and C3 deposition in 
glomeruli of proteinuria positive chronic graft-versus-host-disease (cGvHD) 
mice. Kidneys were obtained from mice positive for proteinuria for <1 week. 
Cryo sections were prepared and stained for IgG deposition (left panel) or C3 
deposition (right panel). Stained sections were analyzed by using a Zeiss 
Axioscope mounted with a Nikon digital camera DXM 1200F in combination 
with imaging software (Nikon ACT-1). Photos show representative stainings of 
kidneys from different experiments. (a) Untreated cGvHD mice induced with 
DBA/2 lymphocytes. (B) cGvHD mice as in (a), but prophylactically treated 
with JES6/interleukin-2 (IL-2). (c) cGvHD mice as in (a), but prophylactically 
treated with S4B6/IL-2. (D) Untreated cGvHD mice whose disease was 
induced with DBA/2 lymphocytes depleted of CD8+ T cells.
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group compared to controls (Figure 3E). Host Treg compartment 
expressing the lineage-specific transcription factor FoxP3 was 
significantly expanded compared to untreated mice (Figure 3F), 
and absolute numbers of host Tregs were sustained during the first 
2 weeks of cGvHD (Figure 4G). The reduced engraftment/expan-
sion as well as decreased activation of donor CD4+ T cells might be 
a consequence of the expanded host Treg compartment (40-fold 
compared to control group). The finding that prophylactic JES6/
IL-2 treatment induced marked increase in FoxP3 expression in 
host Tregs further supports this assumption (Figure 4H).

Mice treated prophylactically with the S4B6/IL-2 complexes 
had significantly increased total cellularity of their spleens com-
pared to cGvHD mice in the control group (Figure 4A). In contrast 
to mice treated prophylactically with JES6/IL-2 complexes, the 
numbers of total engrafted donor CD4+ T cells (Figure 4B) and 
numbers of activated donor CD4+ T cells in cGvHD mice treated 
prophylactically with S4B6/IL-2 complexes were similar to those 

found in untreated mice (Figure 4C). On the other hand, central 
memory donor CD4+ T cells were significantly expanded in mice 
pretreated with S4B6/IL-2 complexes (Figure 4D). Moreover, in 
these mice, the population of donor CD4+ Tfh cells was increased 
more than fourfold (Figure  4E). Unexpectedly, the extent of 
host Treg expansion in response to prophylactic treatment with 
S4B6/IL-2 complexes was even greater compared to the expan-
sion induced by prophylactic JES6/IL-2 treatment (Figure 4F). 
However, the expansion of host Tregs upon prophylactic S4B6/
IL-2 treatment did not ameliorate autoimmune symptoms in 
contrast to Tregs expanded by prophylactic treatment with JES6/
IL-2 complexes. Although we also observed increased FoxP3 
expression in S4B6/IL-2 expanded host Tregs (Figure 4H) these 
cells are unable to efficiently control the induced disease. In these 
mice elevated numbers of activated donor cells of the CD4+ cen-
tral memory and Tfh subsets might account for the augmented 
production of autoantibodies and more severe cGvHD observed.

Therapeutic administration of il-2 
complexes
Next, we investigated the influence of the IL-2 complexes on SLE-like 
symptoms when administrated during ongoing disease. Therefore, 
we injected either JES6/IL-2 or S4B6/IL-2 complexes therapeutically 
on three consecutive days starting 4 weeks following the induction 
of cGvHD by transfer of parental DBA/2 lymphocytes.

The therapeutic treatment with JES6/IL-2 complexes (tJES6/
IL-2) had no significant effect on the development of the moni-
tored autoimmune symptoms. Apart from a mild effect on the 
frequency of anti-RBC positive mice (Figure 5A) ANA titers and 
frequencies of mice developing proteinuria were comparable in 
both groups (Figures 5B,C).

In contrast, S4B6/IL-2 complexes, when administrated 
therapeutically, showed an ameliorating effect on autoimmune 
symptoms in mice undergoing cGvHD. Following injection of 
S4B6/IL-2 complexes, the frequency of mice producing anti-RBC 
antibodies remained constant, whereas the frequency of anti-
RBC-producing mice in the control group increased over time 
(Figure 5D). Moreover, ANA titers measured at time points after 
the initiation of S4B6/IL-2 therapy were significantly lower com-
pared to the control group that showed a steady increase of ANA 
titers over time (Figure  5E). The incidence of proteinuria was 
significantly reduced following S4B6/IL-2 therapy (Figure  5F), 
most likely as a result of decreased autoantibody production.

Taken together, the data indicate that therapeutic administration 
of JES6/IL-2 complexes has no significant effect on the symptoms 
of lupus-like murine cGvHD. This is in contrast to therapeutic 
administration of S4B6/IL-2 complexes that induce an amelioration 
of disease symptoms. These results also contrast with the effects of 
prophylactic administration of these two IL-2 complexes. JES6/
IL-2 complexes are effective in prophylactic, but not therapeutic 
treatment of cGvHD. The reverse is true for S4B6/IL-2 complexes.

Donor cD8+ T cells Modulate the 
Pathogenesis of Murine cgvhD
CD8+ T cells are suggested to play an important role in the devel-
opment of SLE and murine cGvHD (39). The potent capacity 
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FigUre 3 | T cell populations in splenocytes from chronic graft-versus-host-disease (cGvHD) mice prophylactically treated with JES6/interleukin-2 (IL-2) complexes. 
cGvHD mice were analyzed in parallel 2 weeks after disease induction. Mean number of total cellularity (a) as well as different donor (B–e) and host (F) T cell 
subsets per spleen are shown. (a) Mean number of total splenocytes (both donor and host origin). (B) Mean number of engrafted donor CD4+ T cells. (c) Mean 
number of activated donor CD4+ T cells expressing CD44. (D) Mean number of donor CD4+ T cells with central memory phenotype co-expressing CD44 and 
CD62L. (e) Mean number of donor CD4+ T cells with follicular helper T cell phenotype co-expressing CXCR5 and PD1. (F) Mean number of host regulatory T cells 
expressing CD4 and FoxP3. White bars: untreated cGvHD (n = 4); Black bars: cGvHD prophylactically treated with JES6/IL-2 (n = 5). Statistical significance 
(p < 0.05) was calculated using an unpaired Student’s t-test and is indicated by the p-value. Data are represented as mean values ± SD.
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of S4B6/IL-2 complexes to expand CD8+ T  cells (31) and the 
observation of the beneficial clinical effect of therapeutic S4B6/
IL-2 treatment prompted us to further examine the CD8+ T cell 
compartment in mice undergoing cGvHD. Analysis of IFN-γ 
production in untreated cGvHD mice showed that CD8+ T cells 

of both, donor and host origin, were highly activated irrespec-
tive of the time point of the analysis after disease induction. On 
average, 80% of donor CD8+ T cells produced IFN-γ after in vitro 
stimulation, whereas the frequency of IFN-γ-producing cells in 
the host population was about 40% (Figure 6A). These findings 
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FigUre 4 | Continued
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FigUre 4 | T cell populations in splenocytes from chronic graft-versus-host-disease (cGvHD) mice prophylactically treated with S4B6/interleukin-2 (IL-2) 
complexes. Mean number of total cellularity (a) as well as different donor (B–e) and host (F,g) T cell subsets per spleen are shown. (a) Mean number of total 
splenocytes (donor and host origin). (B) Mean number of engrafted donor CD4+ T cells. (c) Mean number of activated donor CD4+ T cells expressing CD44.  
(D) Mean number of donor CD4+ T cells with central memory phenotype co-expressing CD44 and CD62L. (e) Mean number of donor CD4+ T cells with follicular 
helper T cell phenotype co-expressing CXCR5 and PD1. (F) Mean number of host regulatory T cells (Tregs) expressing CD4 and FoxP3. White bars: untreated 
cGvHD (n = 4); gray bars: cGvHD prophylactically treated with S4B6/IL-2 (n = 5); black bars: cGvHD mice prophylactically treated with JES6/IL-2 (n = 5). (g) Mean 
numbers of host Tregs in mice left untreated or pretreated with JES6/IL-2 or S4B6/IL-2 at day 0 (just before cGvHD induction) and after 2 weeks of cGvHD. White 
bars: day 0 (n = 4); black patterned bars: 2 weeks cGvHD (n = 4–5). (h) FoxP3 median fluorescence intensity in host Tregs in mice left untreated or pretreated for 
3 days with JES6/IL-2 or S4B6/IL-2 complexes. Statistical significance (p < 0.05) was calculated using an unpaired Student’s t-test and is indicated by the p-value. 
Data are represented as mean values ± SD.
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further support the contribution of CD8+ T  cells during the 
development of cGvHD. In order to confirm a potential involve-
ment of CD8+ T cells and to test the particular contribution of 
donor and host T cells in the pathogenesis of cGvHD, we followed 
the development of SLE-like symptoms in the absence of donor 
CD8+ T cells. For this, CD8+ T cells were depleted from donor 
DBA/2 mice by i.v. injection of 200 µg YTS-156, a monoclonal 
anti-CD8β antibody, 4  days prior to harvesting donor cells for 
cGvHD induction. The high efficiency of in  vivo donor CD8+ 
T cell depletion was confirmed by flow cytometry analysis of the 
donor lymphocyte preparation (data not shown).

The results show that depletion of donor CD8+ T cells results in 
a much more severe cGvHD. Almost all mice induced with CD8+ 
T cell-depleted donor inoculum were positive for the presence 
of anti-RBC antibodies already after 3 weeks of cGvHD, whereas 
in the control group, receiving non-depleted donor cells, the 
frequency of anti-RBC positive mice reached 80% with delayed 
kinetics (Figure 6B). ANA titers in the two groups were not sig-
nificantly different during the first 6 weeks of cGvHD. However, 
at later time points, ANA titers of mice induced with donor CD8+ 
T cell depleted cells decrease, whereas the titers of the other group 
continued to increase (Figure 6C). Again, decreased ANA titers 
at 12 weeks of cGvHD might be due to the greater incidence of 
proteinuria in this group, showing earlier onset and full pen-
etrance by 9 weeks after disease induction. Immunohistological 
analysis of kidneys of cGvHD mice induced with donor inoculum 
depleted of CD8+ T cells revealed a marked increase of immune 
complex and complement deposition (Figure 2D) in contrast to 
untreated cGvHD mice induced with non-depleted donor cells 
(Figure 2A).

Beneficial effect of Therapeutic s4B6/il-2 
Treatment Depends on Donor cD8+ T cells
The importance of the donor CD8+ T cell compartment in deter-
mining the severity of disease symptoms raised the following 
questions: (i) To what extent can the observed effect of S4B6/
IL-2 complexes be attributed to donor or host CD8+ T cells and 
(ii) whether the effect is reproducible in the absence of donor 
CD8+ T  cells? To test this, cGvHD was induced by transfer of 
donor lymphocytes from DBA/2 mice previously injected with 
the CD8β-depleting mAb YTS-156. After 4 weeks of ongoing dis-
ease, one group of mice was treated with S4B6/IL-2 complexes on 
three consecutive days. No significant improvement of the disease 
symptoms was observed upon therapeutic S4B6/IL-2 treatment 

in cGvHD mice injected with CD8+ T cell-depleted donor lym-
phocytes. We failed to observe any significant difference, in any 
measured parameter, throughout the experiment between the 
two experimental groups (Figures 6E–G). These results provide 
strong evidence for the idea that donor CD8+ T cells are required 
for S4B6/IL-2 complexes to ameliorate SLE-like symptoms in 
mice undergoing cGvHD.

DiscUssiOn

Murine chronic GvHD resulting from the injection of DBA/2 lym-
phocytes into BDF1 mice leads to autoimmune symptoms closely 
resembling SLE in man. Although the beneficial effect of IL-2 in 
autoimmunity has been established some time ago (29), severe side 
effects impeded its application in the clinics. The discovery that 
such adverse reactions could be prevented when IL-2 was admin-
istrated as immune complex bound to anti-IL-2 mAb opened up 
new therapeutic approaches for the treatment of autoimmune 
diseases like SLE. Herein, we investigated the prophylactic and 
therapeutic effect of two IL-2 complexes (JES6/IL-2 and S4B6/
IL-2) on SLE-like symptoms resulting from chronic GvHD.

Prophylactic administration of JES6/IL-2 complexes ame-
liorated cGvHD symptoms and protected BDF1 mice to a large 
extent from developing fatal ICGN. In these treated mice, fewer 
donor CD4+ T  cells had engrafted in the spleen 2  weeks after 
transfer. Donor CD4+ T cells are central in the pathogenesis of 
cGvHD by providing help to host B cells; this leads to the produc-
tion of disease driving autoantibodies (40). Hence, amelioration 
of disease upon JES6/IL-2 pretreatment is a likely consequence 
of the reduced engraftment and/or functioning of donor CD4+ 
T  cells. Moreover, donor CD4+ T  cells in JES6/IL-2-pretreated 
mice were phenotypically less activated and generated reduced 
numbers of central memory T  cells. This may results from 
enhanced suppressive capacity of the host Treg compartment fol-
lowing the prophylactic treatment with JES6/IL-2 complexes. It 
is well established that Tregs can regulate effector T cell responses 
by suppressing their activation and differentiation into effector 
subsets (41). In this regard, it is conceivable that prophylactic 
treatment with JES6/IL-2 complexes expands a host Treg popula-
tion capable of suppressing alloreactive donor CD4+ T cells.

In marked contrast, prophylactic treatment with S4B6/IL-2  
complexes significantly enhanced SLE-like symptoms and 
indu ced a more severe course of the disease. Mice pretreated 
with S4B6/IL-2 complexes had increased splenomegaly as well 
as significantly higher numbers of donor CD4+ T  cells with a 
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FigUre 5 | Effect of therapeutic treatment with interleukin-2 (IL-2) complexes on autoimmune symptoms of mice undergoing chronic graft-versus-host-disease 
(cGvHD). (a–c) The efficiency of therapeutic JES6/IL-2 treatment of cGvHD is confined to the production of anti-RBC (tJES6/IL-2: n = 20; untreated cGvHD: 
n = 19). (D–F) The beneficial effects of therapeutic S4B6/IL-2 treatment of cGvHD (tS4B6/IL-2: n = 18; untreated cGvHD: n = 20). (a,D) Cumulative frequencies  
of mice positive for anti-RBC autoantibodies determined at 4, 8, and 12 weeks of cGvHD. Numbers above the bars indicate positive mice. White bars: untreated 
cGvHD; filled bars: cGvHD therapeutically treated with JES6/IL-2 (black) or S4B6/IL-2 (gray) complexes. Statistical significance (p < 0.05) was calculated using  
a two-tailed Fisher’s exact test and is indicated by the p-value. (B,e) IgG anti-nuclear antibodies (ANA) titer in the serum of cGvHD mice determined 4, 8, and 
12 weeks after disease induction. Horizontal bars indicate mean ANA titers in each group. Titers below the dotted line represent mice negative for IgG ANA. 
Deviations from initially used numbers of mice are indicated at the respective time point. Statistical significance (p < 0.05) was calculated using an unpaired 
Student’s t-test and is indicated by the p-value. Open circles: untreated cGvHD; filled squares: cGvHD therapeutically treated with JES6/IL-2 (black) or S4B6/IL-2 
(gray) complexes. (c,F) Frequencies of mice positive for proteinuria as determined by elevated albumin in the urine. Statistical significance (p < 0.05) was calculated 
using the Mantel–Cox test and is indicated by the p-value. Dotted line: untreated cGvHD; solid line: cGvHD prophylactically treated with JES6/IL-2 (black) or S4B6/
IL-2 (gray) complexes.
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FigUre 6 | Continued
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FigUre 6 | Donor CD8+ T cells are important modulators of chronic graft-versus-host-disease (cGvHD) and mediate the beneficial effect of therapeutic S4B6/
interleukin-2 (IL-2) therapy. (a) Frequencies of IFN-γ producing CD8+ T cells of donor (circles) and host (squares) origin in splenocytes of untreated cGvHD mice 
analyzed at various time points between 2 and 12 weeks after disease induction. (B–D) A more severe cGvHD develops when induced with DBA/2 lymphocytes 
depleted of CD8+ T cells (DBA/2 CD8−) (DBA/2: n = 20; DBA/2 CD8−: n = 20). (e–g) No effect on cGvHD severity with S4B6/IL-2 therapy in the absence of donor 
CD8+ T cells (untreated cGvHD: n = 19; tS4B6/IL-2: n = 19). (B,e) Cumulative frequencies of mice positive for anti-RBC autoantibodies determined at 3, 6, and 
9 weeks of cGvHD. Numbers above the bars indicate positive mice. Statistical significance (p < 0.05) was calculated using a two-tailed Fisher’s exact test and is 
indicated by the p-value. (B) White bars: cGvHD mice induced with DBA/2 lymphocytes; black bars: cGvHD induced with DBA/2 lymphocytes depleted of CD8+ 
T cells. (e) White bars: cGvHD induced with DBA/2 lymphocytes depleted of CD8+ T cells. (c,F) IgG anti-nuclear antibodies (ANA) titer in the serum of cGvHD mice 
determined 3, 6, and 9 weeks after disease induction. Horizontal bars indicate mean of ANA titers in each group. Titers below the dotted line represent mice 
negative for IgG ANA. Deviations from initially used number of mice are indicated at the respective time point. Statistical significance (p < 0.05) was calculated using 
an unpaired Student’s t-test and is indicated by the p-value. (c) Open circles: cGvHD induced with DBA/2 lymphocytes; filled squares: cGvHD induced with DBA/2 
lymphocytes depleted of CD8+ T cells. (F) Open circles: untreated cGvHD mice induced with DBA/2 lymphocytes depleted of CD8+ T cells; filled squares: cGvHD 
mice induced with DBA/2 lymphocytes depleted of CD8+ T cells and therapeutically treated with S4B6/IL-2 complexes. (D,g) Frequencies of mice positive for 
proteinuria as determined by elevated albumin in the urine. Statistical significance (p < 0.05) was calculated using the Mantel–Cox test and is indicated by the 
p-value. (D) Dotted line: cGvHD induced with DBA/2 lymphocytes; solid line: cGvHD induced with DBA/2 lymphocytes depleted of CD8+ T cells. (g) Dotted line: 
cGvHD induced with DBA/2 lymphocytes depleted of CD8+ T cells; solid line: cGvHD induced with DBA/2 lymphocytes depleted of CD8+ T cells and therapeutically 
treated with S4B6/IL-2 complexes.
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central memory phenotype. Memory T cells have lower activa-
tion thresholds and respond to secondary antigenic stimulation 
with augmented effector function (42), thereby possibly enhanc-
ing autoimmunity. Moreover, only pretreatment with S4B6/
IL-2 complexes induced differentiation of donor CD4+ Tfh cells 
expressing PD1 and CXCR5. Expression of CXCR5 facilitates the 
localization of Tfh cells to CXCL13 producing B  cells and the 
initiation of germinal center. As Tfh cells contribute to survival, 
affinity maturation, isotype class-switching, and differentiation of 
germinal center B cells (9), it is likely that exacerbated SLE-like 
symptoms in S4B6/IL-2-pretreated mice resulted from enhanced 
germinal center reactions leading to augmented production 
of pathogenic autoantibodies. In support of this hypothesis, a 
pathogenic role of Tfh cells has been recently established in other 
murine lupus models and in human SLE (43).

Whether administration of S4B6/IL-2 complexes directly 
promotes differentiation of donor CD4+ T  cells into Tfh cells 
is unclear. First, the biological half-life of IL-2 complexes is 
relatively short (<4  h) (31), thereby arguing against a direct 
contribution on donor CD4+ T cell differentiation, since donor 
cells were transferred approximately 24  h after the last injec-
tion of IL-2 complexes. Second, S4B6/IL-2 complexes failed to 
induce expression of Tfh cell-specific markers in normal mice 
not undergoing cGvHD (data not shown). For these reasons, 
we expect the effect of S4B6/IL-2 pretreatment on donor Tfh 
differentiation is indirect and likely involves cells of the host. 
Moreover, consistent with previous reports (37), we found that 
pretreatment with S4B6/IL-2 complexes leads to marked expan-
sion of dendritic cells expressing CD11c and MHC-II (data not 
shown). Whether the expanded dendritic cell compartment 
contributes to exacerbated cGvHD in S4B6/IL-2 pretreated mice, 
perhaps by providing enhanced co-stimulation factors, requires 
further investigation.

Another surprising finding was the effect of S4B6/IL-2 
pretreatment on the host Treg compartment. As previously 
reported (31) and in agreement with our own data, at the time 
of cGvHD induction, host Treg compartments were expanded 
equally, efficiently upon prophylactic treatment with JES6/IL-2 

or S4B6/IL-2 complexes. Nevertheless, mice pretreated with 
S4B6/IL-2 complexes developed exacerbated cGvHD symptoms, 
whereas JES6/IL-2 pretreated mice were largely protected from 
disease. Although mice pretreated with S4B6/IL-2 or JES6/IL-2 
complexes have not been compared directly in one experiment, 
the observed effects on the course of the disease induced by 
either complex are strikingly different and it is highly unlikely 
that these differences are artifacts resulting from variations in the 
control groups. Surprisingly, the host Treg compartment in the 
first 2 weeks of cGvHD in S4B6/IL-2 pretreated mice markedly 
expanded, but was unable to control the disease. These rather 
contradictory findings suggest functional differences in the 
capacity of Tregs stimulated either by S4B6/IL-2 or JES6/IL-2 
complexes. Since mAb S4B6 blocks the epitope necessary for 
the interaction of IL-2 with CD25, S4B6/IL-2 complexes largely 
prevent signaling via high-affinity IL-2 receptors, but allow for 
signal transduction through low-affinity IL-2 receptors. This 
stimulation through low-affinity IL-2 receptor might induce 
Treg survival and expansion, but may not maintain suppressive 
functionality. Interestingly, Tregs from CD25 −/− Bim−/− mice, 
where IL-2-dependent survival and function have been uncou-
pled, were shown to be less suppressive in vitro and unable to 
prevent autoimmunity in vivo (44). Thus, maintenance of Treg 
functionality in our model seems to be critically dependent on 
IL-2 signals transduced by high-affinity IL-2 receptors, which 
apparently cannot be substituted by IL-2 signaling via the low-
affinity receptor. Therefore, it is likely that Tregs expanded upon 
pretreatment with S4B6/IL-2 complexes are poorly functional 
and unable to control alloreactive donor CD4+ T cells compared 
to those expanded by prophylactic JES6/IL-2 treatment. Notably, 
the ratio of host Tregs to donor CD4+ T  cells in S4B6/IL-2 
complex-pretreated mice was decreased compared to the ratio 
in mice pretreated with JES6/IL-2 complexes. Since these ratios 
were similar in both groups at the initiation of cGvHD (day 0), 
these differences must have accumulated during the first 2 weeks 
of cGvHD (compare Figures  3B and 4B,F). These differences 
may be a result of differences in suppressive capacity in host Tregs 
in the two different groups at the time of donor cell transfer.
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Therapeutic administration of JES6/IL-2 complexes following 
the induction of cGvHD, on the other hand, showed no signifi-
cant effect on cGvHD symptoms and the general course of the 
disease. Our findings demonstrate a critical timing for JES6/
IL-2 treatment in the cGvHD model of lupus. Since pathogenic 
mechanisms are already well established at the time of JES6/
IL-2 therapy (4 weeks after cGvHD induction), Treg expansion 
was not able to ameliorate the ongoing autoimmunity. In this 
regard, it has to be considered that, in an ongoing disease, JES6/
IL-2 complexes may stimulate not only Treg, but also engrafted 
alloreactive donor CD4+ T cells that have been previously acti-
vated and express high-affinity IL-2 receptors. However, while 
therapeutic administration of JES6/IL-2 complexes stimulated 
donor CD4+ T  cells expressing the high-affinity IL-2 receptor, 
this did not result in aggravated disease symptoms. It is conceiv-
able that a parallel increase of the suppressive capacity in the 
Treg compartment might counteract the stimulatory effect on 
donor CD4+ T cells and thereby prevented disease exacerbation. 
Notably, therapeutic administration of JES6/IL-2 complexes in 
a spontaneous model of lupus was shown to ameliorate ICGN 
(45), arguing in favor for our hypothesis that stimulation of 
donor CD4+ T  cells by JES6/IL-2 complexes canceled out the 
beneficial effect of Treg stimulation. Moreover, in contrast to 
cGvHD, spontaneous lupus is a slowly developing disease that is 
not driven by a high number of alloreactive donor cell popula-
tions and, therefore, might be more susceptible to therapeutic 
intervention with JES6/IL-2 complexes. Another explanation 
for the inefficiency of therapeutic JES6/IL-2 treatment to control 
the disease might be linked to the fact that during the course 
of cGvHD, the numbers of host Tregs significantly decrease as 
shown for untreated cGvHD mice at 2 weeks. Thus, fewer host 
Tregs are present to respond to JES6/IL-2 complexes resulting 
in a smaller expanded regulatory compartment with poor sup-
pressive capacity.

Finally, therapeutic administration of S4B6/IL-2 complexes 
significantly ameliorated SLE-like symptoms in ongoing cGvHD. 
Our findings strongly suggest that this improvement is dependent 
on donor CD8+ T  cells, since mice injected with CD8+ T  cell-
depleted donor cells were not affected by therapeutic S4B6/IL-2 
treatment. It might well be envisaged that S4B6/IL-2 complexes 
stimulate the activation and differentiation of host-reactive donor 
CD8+ T  cells into functional cytotoxic T  lymphocytes (CTLs), 
thereby inducing a mild form of acute GvHD. B cells are known 
to be one of the first host lymphocyte population targeted by 
alloreactive CTLs in acute GvHD (46). Thus, therapeutic S4B6/
IL-2 might have ameliorated cGvHD symptoms by enhancing a 
donor CD8+ T  cell-mediated alloresponse against autoreactive 
host B cells leading to reduced production of autoantibodies. In 
support of our hypothesis it was recently shown that IL-21 could 
also induce the stimulation of such anti-host responses of donor 
CD8+ T cells resulting in amelioration of cGvHD symptoms (47). 
The fact that a more severe cGvHD results from the injection of 
CD8+ T cell-depleted donor cells further supports a regulatory 
role of this population in murine cGvHD.

In conclusion, JES6/IL-2 complexes efficiently ameliorated 
cGvHD in our model only when administrated prophylactically, 
possibly by acting during priming and initiation of the disease. 

Due to improved diagnosis of SLE and a considerable lag time 
until clinical manifestation of severe lupus, JES6/IL-2 complexes 
might be considered as potential approach to prevent more 
severe symptoms in those patients, where SLE is recognized early 
enough. In contrast, S4B6/IL-2 aggravated SLE-like symptoms 
when administrated prophylactically and ameliorated disease 
only when given therapeutically. With prophylactic treatment, 
we propose an indirect effect of S4B6/IL-2 complexes on donor 
CD4+ T cell differentiation leading to more severe disease symp-
toms. With therapeutic treatment of an ongoing cGvHD, the 
ameliorating effect was likely due to direct effects of S4B6/IL-2 
complexes on donor CD8+ T cells inducing their activation and 
subsequent enhancement of alloresponses directed against host 
lymphocytes, e.g., host B cells. Results obtained from therapeutic 
treatment with S4B6/IL-2 complexes may not be directly relevant 
for the treatment of SLE. While SLE patients exhibit an increased 
cytotoxicity among their CD8+ T cells, this has been correlated 
with increased disease activity. Increased cytotoxic activity of 
(autoimmune) CD8+ T  cells would release self-antigens from 
target cells resulting in further stimulation of autoreactive lym-
phocytes. Nevertheless, the therapeutic administration of S4B6/
IL-2 complexes and experiments using CD8+ T  cell-depleted 
donor cells point to a potential regulatory role of donor CD8+ 
T cells in the pathogenesis of murine cGvHD. In summary, the 
administration of IL-2/mAb complexes has marked effects on the 
course of cGvHD in this murine model. Whether our findings 
can be adapted to a treatment of autoimmune diseases in humans 
is an area for further investigation.
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For successful bone marrow transplantation (BMT), a preconditioning regime involving 
chemo and radiotherapy is used that results in DNA damage to both hematopoietic and 
stromal elements. Following radiation exposure, it is well recognized that a single wave 
of host-derived thymocytes reconstitutes the irradiated thymus, with donor-derived 
thymocytes appearing about 7 days post BMT. Our previous studies have demonstrated 
that, in the presence of donor hematopoietic cells lacking T lineage potential, these 
host-derived thymocytes are able to generate a polyclonal cohort of functionally mature 
peripheral T cells numerically comprising ~25% of the peripheral T cell pool of euthymic 
mice. Importantly, we demonstrated that radioresistant CD44+ CD25+ CD117+ DN2 pro-
genitors were responsible for this thymic auto-reconstitution. Until recently, the mech-
anisms underlying the radioresistance of DN2 progenitors were unknown. Herein, we 
have used the in vitro “Plastic Thymus” culture system to perform a detailed investigation 
of the mechanisms responsible for the high radioresistance of DN2 cells compared with 
radiosensitive hematopoietic stem cells. Our results indicate that several aspects of DN2 
biology, such as (i) rapid DNA damage response (DDR) activation in response to ionizing 
radiation-induced DNA damage, (ii) efficient repair of DNA double-strand breaks, and 
(iii) induction of a protective G1/S checkpoint contribute to promoting DN2 cell survival 
post-irradiation. We have previously shown that hypoxia increases the radioresistance of 
bone marrow stromal cells in vitro, at least in part by enhancing their DNA double-strand 
break (DNA DSB) repair capacity. Since the thymus is also a hypoxic environment, we 
investigated the potential effects of hypoxia on the DDR of DN2 thymocytes. Finally, we 
demonstrate for the first time that de novo DN2 thymocytes are able to rapidly repair 
DNA DSBs following thymic irradiation in vivo.

Keywords: Dn2 pro-T cells, Dna damage response, ionizing radiation, hypoxia, thymic auto-reconstitution, bone 
marrow transplantation

inTrODUcTiOn

In adults, the bone marrow is the main organ in which hematopoiesis takes place. There, self-renewing, 
multipotent hematopoietic stem cells (HSCs) reside in a specialized niche and are responsible for 
continually giving rise to all types of hematopoietic cells (1–4). However, unlike other hematopoi-
etic cells, T  lymphocytes are not produced in the bone marrow but rather in the thymus (5, 6),  
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an organ that provides the optimal microenvironment for sup-
porting all stages of T  cell development and selection (7, 8). 
Under normal physiological conditions, the thymus does not 
contain self-renewing HSCs. Instead, it is continuously seeded 
by bone marrow-derived multipotent progenitors that migrate 
there through the blood (9, 10). Once within the thymus, these 
progenitors receive signals from the thymic stroma that induce 
them to proliferate and to undergo progressive differentiation 
into mature, functional, and self-tolerant T cells (11, 12).

Within the thymus, developing T cells, i.e., immature thymo-
cytes, undergo a series of developmental stages that can be distin-
guished according to the surface expression pattern of the CD4 
and CD8 co-receptors. In a normal thymus, ~5% of thymocytes 
express neither CD4 nor CD8 (double-negative, DN cells); ~80% 
express both CD4 and CD8 (double-positive, DP cells); ~10% 
are CD4 single-positive (CD4SP), and ~5% CD8 single-positive 
(CD8SP) (13). The most immature intra-thymic T cell progeni-
tors are contained within the DN population (14) and according 
to their surface expression of CD25, CD44, and CD117, DN 
cells can be further subdivided into four major cellular subsets 
known as DN1 to DN4. DN1 cells, the most undifferentiated DN 
subset, can be identified as CD25−CD44+CD117+; DN2 cells are 
CD25+CD44+CD117+; DN3 cells are CD25+CD44lowCD117low, 
and finally DN4 cells, the most differentiated DN subpopulation, 
are negative for all three markers (CD25−CD44−CD117−) (10, 14).

Upon irradiation, thymic cellularity is dramatically reduced 
due to the high radiosensitivity of thymocytes (15). However, 
shortly after exposure to a lethal dose of ionizing radiation (IR), 
unlike all other hematopoietic and lymphoid organs, there is a 
single wave of thymic auto-reconstitution that results from the 
proliferation and differentiation of host-derived intra-thymic 
radioresistant T cell precursors (16–19). These cells would also 
appear to be resistant to the administration of hydrocortisone 
acetate (20) and were identified by Bosco et al. as DN2 thymocytes 
(21). These DN2 thymocytes were able to give rise to a cohort 
of functional mature T  lymphocytes capable of re-constituting 
~25% of the normal peripheral T cell compartment, and display-
ing a polyclonal T cell receptor (TCR) repertoire (21). However, 
the reasons why specifically these DN2 thymocytes are able to 
survive following thymic irradiation and subsequently resume 
their normal intra-thymic development post-IR is currently 
unknown. Therefore, further investigation is required to define 
the molecular mechanisms underlying the radioresistance of 
DN2 thymocytes.

Historically, different systems have been developed to study 
T  cell development, including (i) fetal thymus organ culture 
(FTOC), (ii) re-aggregated FTOC, (iii) bone marrow chimeras, 
and (iv) transgenesis (22, 23). More recently, in vitro-based expan-
sion and differentiation of immature thymocytes using stromal 
cell lines ectopically expressing Notch ligands have been used 
to dissect the signaling events required for T cell development 
(24–27). However, in these in vitro systems, the exact combination 
and intensity of signals delivered by stromal cells are difficult to 
control. In addition, the presence of stromal cells in these cultures 
makes detailed genetic and molecular analysis of uniquely T cell-
specific events occurring within cultured progenitors difficult to 
dissect. The recent development of a stromal cell-free pro-T cell 

culture system in the laboratory of Prof. Antonius Rolink has 
proven to be a very useful tool for studying the minimal require-
ments necessary for T-cell commitment and differentiation (28).  
This stromal cell-free culture system commonly known as  
“The Plastic Thymus” is based on the immobilization of a DL4-
human IgG1-Fc (DL4-Fc) fusion protein to the surface of plastic 
tissue culture plates pre-coated with a monoclonal anti-human 
IgG1-Fc antibody (28). In addition, the culture medium is sup-
plemented with IL-7 and SCF, allowing the long-term in  vitro 
maintenance and expansion of purified DN2 thymocytes (29). 
Importantly, the pro-T cells generated and expanded in vitro using 
this methodology (i) retain their normal functionality, (ii)  can 
be genetically manipulated, and (iii) are able to reconstitute 
T cell compartments of irradiated recipient mice (29). Therefore,  
“The Plastic Thymus” represents a novel technology with which to 
study purified DN2 thymocytes at the molecular level, something 
that is otherwise technically difficult to do in the normal mouse 
thymus in vivo due to the limited numbers of pro-T cells, particu-
larly DN1 and DN2 cells.

Cellular responses to IR exposure mainly occur due to its 
detrimental impact on the genome integrity of exposed cells. 
IR-induced DNA damage can occur due to energy deposited 
directly onto DNA, or indirectly due to the generation of free 
radicals within cells, which collectively lead to the modification 
and/or breakage of DNA strands. The most genotoxic IR-induced 
DNA lesions are DNA double-strand breaks (DNA DSBs). The 
maintenance of genomic integrity is essential for cellular survival 
and for preventing carcinogenesis. Consequently, cells have 
developed an integrated series of signaling networks, known col-
lectively as the DNA damage response (DDR), to mount biologi-
cal responses to genotoxic insult. At the molecular level, the DDR 
consists of (i) sensor proteins that recognize sites of damaged 
DNA, (ii) transducer proteins that amplify DNA damage signals, 
and (iii) effector proteins, required for the desired biological 
response(s) including DNA repair, transient delays in cell cycle 
progression (termed checkpoints), transcriptional and epigenetic 
programs, apoptosis, and senescence (30, 31).

Similar to DN2 thymocytes, mesenchymal stromal cells 
(MSCs) that support hematopoiesis in the bone marrow, and 
thymic epithelial cells (TECs), which support thymopoiesis in 
the thymus, are also relatively radioresistant (32–34). In previous 
studies, we have demonstrated that the activation of the DDR 
plays important roles in enabling in vitro irradiated MSCs and 
TECs to quickly respond to IR-induced DNA damage and to 
engage molecular pathways that promote rapid DNA DSB repair, 
DNA damage checkpoint activation, and cell survival (34, 35).  
Therefore, using the methods we have previously applied to 
investigate the DDR of irradiated MSCs, we aimed herein to 
investigate the role of the DDR in mediating the radioresistance 
of DN2 thymocytes.

In this study, we have used the “Plastic Thymus” culture system 
to dissect DN2 radiobiology at the molecular level. For compara-
tive purposes, and as a model of a radiosensitive hematopoietic 
cell type, we have also used a NUP98-HOXB4 expressing HSC 
line (refer to Section “Materials and Methods” for further infor-
mation). We demonstrate for the first time that in response to 
IR-induced DNA DSBs, DN2 thymocytes execute a robust DDR 
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leading to the resolution of these lesions and to cell survival. 
Furthermore, we also demonstrate that this robust DDR is also 
executed by DN2 thymocytes in vivo following thymic irradia-
tion. Taken together, our results from both in vitro and in vivo-
derived cells indicate that the DDR of DN2 thymocytes harbors 
characteristic features favoring their ability to rapidly respond to 
IR-induced DNA damage and repair DNA lesions, likely playing 
a key role in their relative radioresistance.

MaTerials anD MeThODs

cell culture and Treatments
DN2 thymocytes (CD4− CD8− CD44+ CD25+ c-kit+ CD127+) 
were isolated from the thymi of 4- to 6-week-old C57BL/6 mice 
as previously described (10) and sorted using a BD FACS Aria® 
cell sorter. As previously discussed, the “Plastic Thymus” culture 
system allows long-term expansion of DN2 pro-T cells in vitro in 
the absence of stromal cells (29). Details of this culture system are 
described in Section Supplementary Methods in Supplementary 
Material and shown graphically in Figure S1 in Supplementary 
Material. DN2 thymocytes were shown to maintain their char-
acteristic cell surface phenotype (CD44+ CD25+ CD117+) when 
cultured long-term in 21% O2 (Figure S2 in Supplementary 
Material).

To study HSCs, a NUP98-HOXB4 HSC (NH-HSC) line was 
generated from C57BL/6 mice following the protocol established 
by Sauvageau et  al. (36) and subsequently optimized by Ruedl 
et al. (37). The NH-HSC line obtained following this protocol was 
confirmed to display the surface phenotype: CD45+ Lin− c-kit+ 
Sca-1+ CD11c− CD19− B220− CD4− CD8− and to be capable of 
successfully re-constituting all hematopoietic lineages in sub-
lethally irradiated mice (38). For the purposes of this study, 
NH-HSCs were maintained in SF-IMDM (Gibco) supplemented 
with 5% forward light scatter (FCS) (Gibco), 3% v/v IL-6-
containing supernatant, 0.1 µg/ml SCF and 0.2% v/v Ciproxin® 
(Bayer Pharmaceutical) at 37°C [as described in Ref. (38)], in 
either normoxia (21% O2) or hypoxia (5% O2).

γ-Irradiation at the indicated doses was performed using a 
Gammacell 40 irradiator containing a 137Cs source at a dose rate 
of ~80 cGy/min.

Mice
C57BL/6 mice were bred under pathogen-free conditions at the 
Centre for Biomedicine at the University of Basel. All animal 
experiments were carried out within institutional guidelines 
(authorization numbers 1886 and 1888 from Kantonales 
Veterinäramt, Basel).

isolation and sorting of Mouse cD4/cD8 
Dn 1–3 subpopulations
Double-negative cells were isolated from 5 thymi per time 
point after irradiation (9 Gy) and sorted according to their cell 
surface phenotypes as previously described (10) and outlined in 
Section Supplementary Methods and Figure S3 in Supplementary 
Material. DN1 were sorted as CD117high, CD25− and CD44high, 
DN2 as CD117high, CD25+ and CD44high and DN3 as CD117low, 

CD25+ and CD44low (Figure S3 in Supplementary Material) (10). 
Sorted cells were pelleted, re-suspended in 100  µl IMDM, and 
centrifuged onto poly-l-lysine-coated microscope slides using a 
Cytospin® centrifuge (Shandon) for immunofluorescence stain-
ing as described below.

clonogenic survival assay
DN2 and NH-HSC were irradiated at 0.5–4  Gy, seeded into 
6-well plates at a concentration of 50,000 cells/well, harvested 3 
or 5 days post-irradiation (for NH-HSCs and DN2 cells, respec-
tively) and viable cell numbers were counted in duplicate using 
a hemocytometer and Trypan blue for exclusion of dead cells. 
The time-points for cell counting were selected based on the fact 
that DN2 thymocytes proliferated more slowly than NH-HSCs 
(Figure S4 in Supplementary Material). The percentage survival 
of each cell type was then determined by normalizing the number 
of cells quantified from irradiated versus control (un-irradiated) 
cultures.

Flow cytometry Methods
Cells were harvested and counted prior to staining following the 
different protocols described below. Cells were then analyzed 
using a BD FACS Canto® or BD FACS Calibur flow cytometer 
(BD Biosciences) and FlowJo® data analysis software (Tree Star 
Inc., OR, USA). For surface labeling, cells were pelleted and re-
suspended in FACS buffer (2% FCS, 0.05% Sodium Azide, PBS) 
at 5 × 106 cells/ml. Then, 5 × 105 cells/sample were stained for 
20 min with the appropriate primary antibodies or isotype con-
trols. To reveal cells stained with biotin-labeled antibodies, the 
cells were subsequently washed in FCS-free FACS buffer, stained 
for 10 min with fluorescently labeled streptavidin, washed, and 
then analyzed.

For cell cycle analysis, cells were labeled for 1 h with 25 µM 
5′-bromo-deoxyuridine (BrdU) (Sigma-Aldrich), washed with 
PBS, and re-suspended in growth medium. Cells were harvested at 
the indicated time points post-irradiation (4 Gy), fixed in ice-cold 
70% ethanol, and stained with anti-BrdU and FITC-conjugated 
anti-mouse IgG antibodies and propidium iodide (PI)/RNase 
staining buffer (BD Biosciences) as previously described (35). 
The progression of cells through the cell cycle was analyzed by 
measuring the percentage BrdU-positive cells in each G1 phase 
until 24 h post IR using a BD FACS Canto® flow cytometer (BD 
Biosciences) and FlowJo® software (Tree Star Inc., OR, USA).

Information regarding all antibodies used for flow cytom-
etry can be found in Section Supplementary Methods in 
Supplementary Material.

real-Time Pcr
Total RNA was isolated from cells by TRIzol® Reagent (Life 
Technologies)—and cDNA was generated using Applied 
Biosystems’ High-Capacity cDNA Reverse Transcription Kit 
according to the manufacturer’s instructions. 10–20 ng of cDNA 
was used as template in semi-quantitative real-time PCR reactions 
with specific primers on a Step One Plus Real-Time PCR System 
(Applied Biosystems). Reactions were prepared with TaqMan® 
gene expression master mix (Thermo Fisher Scientific) using 
predesigned TaqMan® gene expression assays for amplification 
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FigUre 1 | Double-negative (DN)2 thymocytes survive γ-irradiation in vitro. 
Clonogenic survival assays of mouse DN2 thymocytes and NH-hematopoietic 
stem cells (HSCs) γ-irradiated at 0.5–4 Gy and cultured for 3 or 5 days 
(depending on the cell type). Error bars represent mean ± SD, n = 3. 
*p < 0.05, two-way ANOVA analysis with Sidak’s multiple comparisons test.
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of mouse Lig4 (DNA Ligase 4), Prkdc (DNA-PKcs), Rad51, and 
β-actin (Thermo Fisher Scientific). Gene expression changes 
were determined using the ΔΔCt method, using β-actin as a 
housekeeping gene for normalization according to the primer 
efficiencies previously calculated.

Western Blotting
Whole cell extracts were prepared from control or irradiated cells 
at the indicated time points post-irradiation by direct addition of 
5 µl of 4× Laemmli buffer per 100,000 cells that we previously har-
vested from culture by centrifugation, washed with ice-cold PBS, 
and counted. Cells were disaggregated into the Laemmli buffer, 
heated at 95°C for 5 min, and sonicated (20% amplitude for 3 s) 
prior to separation using SDS-PAGE gels and transferred to nitro-
cellulose membranes. Chemiluminescence was detected using 
SuperSignal West Pico Chemiluminescent Substrate (Thermo 
Fisher Scientific) and medical x-ray film (Konica Minolta Medical 
and Graphic Imaging Inc.). Information regarding all antibodies 
used for western blotting can be found in Section Supplementary 
Methods in Supplementary Material.

immunofluorescence staining and 
Microscopy
Double-negative cells were spun onto poly-l-lysine-coated 
microscope slides using a Cytospin® centrifuge (Shandon), fixed 
in 4% paraformaldehyde (Sigma-Aldrich), and subsequently 
permeabilized in 0.1% Triton®-X 100 solution. Nuclei were then 
stained for γH2AX IR-induced foci (IRIF) as previously described 
(35). Image Z-stacks were captured using 60× magnification on 
a Leica SP5 integrated microscope system (Leica Microsystems). 
Images were deconvoluted using the Huygens Software by 
Scientific Volume Imaging. Image Z-stacks were projected using 
the maximal intensity method using Fiji (39). Customized macros 
for Fiji were used to adjust the projected images and the number 
of γH2AX IRIF per nucleus were counted blind. Information 
regarding all antibodies used for western blotting can be found 
in Section Supplementary Methods in Supplementary Material.

resUlTs

Dn2 Thymocytes are relatively 
radioresistant In Vitro
We first investigated the effects of irradiation on the survival of 
DN2 thymocytes in  vitro, using NH-HSCs as a radiosensitive 
control. To do so, DN2 and NH-HSC were irradiated at 0–4 Gy 
and cultured for 3 (NH-HSC) or 5 days (DN2) before counting 
surviving cells. As shown in Figure 1, the radioresistance of DN2 
and NH-HSC was comparable at IR doses of 0.5–2 Gy. However, 
at 4 Gy, the radioresistance of DN2 cells was found to be 10-fold 
greater than that of NH-HSC (~18.7% DN2 survival versus ~1.8% 
NH-HSC survival) (Figure 1).

Dn2 Thymocytes activate Dna Damage 
checkpoints In Vitro
As previously mentioned, the DDR plays a key role in determining 
whether a cell survives or dies following exposure to genotoxic 

agents, such as IR. The activation of DNA damage checkpoints 
during the cell cycle acts to prolong the time in which a given 
cell can execute mechanisms to try and resolve genomic damage 
and promote its survival. The difference in the long-term survival 
between DN2 and NH-HSC suggested that these DNA damage 
checkpoints may be differentially executed between these two 
cell types. To investigate this, the cell cycle progression of BrdU 
pulse-labeled DN2 and NH-HSCs was analyzed at various time 
points post 4 Gy irradiation by flow cytometry (Figure 2A). By 
co-staining these cells with an anti-BrdU antibody and PI, the G1, 
S, and G2/M phases of the cell cycle (Figure 2A, top left panel) can 
be clearly distinguished. Furthermore, the progression of BrdU-
labeled (S phase) cells through the cell cycle and their return to 
the G1 phase can be monitored (Figure 2A). Importantly, under 
control conditions (no irradiation, 0 Gy), BrdU labeling itself did 
not cause significant toxicity to either DN2 or NH-HSCs (Figure 
S4 in Supplementary Material). Under normal conditions (0 h), 
~16% DN2 population were in S phase (BrdU-positive) compared 
with ~56% NH-HSC (Figure  2B). Furthermore, ~78% DN2 
population was found to be in G1 phase, compared with ~41% 
NH-HSC population (Figure 2B). These results correlate with the 
increased rate of cell cycle progression observed in NH-HSCs, 
compared with DN2 cells (Figure S4 in Supplementary Material).

Dramatic differences in the ability of DN2 and NH-HSC 
to activate cell cycle arrest were observed post-irradiation. 
Strikingly, DN2 thymocytes that were in G1 phase at the time 
of irradiation were largely maintained over time (~78% in G1 
at 0  h versus ~68.4% in G1 at 36  h post IR) (Figure  2C). This 
strongly contrasted with NH-HSCs whose G1 population reduced 
rapidly post-irradiation from ~41% at 0 h to ~0.8% at 36 h post 
IR (Figure  2C). This reduction in % G1 cells was likely due to 
the activation of cell death as evidenced by the appearance of a 
large sub-G1 population in NH-HSC profiles post-irradiation 
(Figure 2E and indicated in Figure 2A by black arrows in bot-
tom panels). BrdU-labeled DN2 cells accumulated as a cohort 
in late S/G2 phases until 8 h post IR, indicative of the activation 
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FigUre 2 | Double-negative (DN)2 thymocytes activate DNA damage checkpoints. (a) Representative cytograms of DN2 and NH-hematopoietic stem cells (HSCs) 
at 0–24 h post 4 Gy irradiated and stained for bromo-deoxyuridine (BrdU) incorporation and DNA content using propidium iodide (PI). Colored boxes are used to 
indicate G1, S, and G2/M phase cells under control conditions; black arrowheads indicate sub-G1 cells and * indicates cohort of BrdU-labeled DN2 cells 
accumulated in late S/G2. (B) Quantification of the percentage DN2 and NH-HSCs in each phase of the cell cycle under normal conditions. (c) Quantification of the 
percentage G1 DN2 cells and NH-HSCs at 0–36 h post-irradiation or under normal conditions. (D) Quantification of the percentage BrdU-labeled G1/early S phase 
DN2 cells and NH-HSCs at 0–36 h post-irradiation or under normal conditions. (e) Quantification of the percentage sub-G1 DN2 cells and NH-HSCs at 0–36 h 
post-irradiation or under normal conditions All cytograms and graphs are representative of three independent experiments. Error bars represent mean ± SD, n = 3, 
*p < 0.05, **p < 0.01, ****p < 0.0001. Two-way ANOVA analysis with Tukey’s multiple comparisons test was performed on the following conditions (i) DN2-ionizing 
radiation (IR) versus DN2 + 4 Gy and (ii) HSC-IR versus HSC + 4 Gy.
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of intra-S-phase and G2 checkpoints (32) (Figure  2A, * in top 
8  h panel). However, BrdU labeled DN2 thymocytes did not 
re-enter cell cycle following G2 checkpoint activation and likely 
entered cell death, similar to NH-HSCs (Figure  2B, top 24  h 
panel). Similar to the G1 NH-HSC population, BrdU labeled 
NH-HSCs also underwent cell death post IR (Figures  2A,E). 
Taken together, these results indicate that in the immediate 

response to irradiation, DN2 thymocytes activate DNA damage 
checkpoints more robustly than NH-HSCs which instead seem to 
directly revert to activating cell death. Interestingly, these results 
also demonstrate that DN2 thymocytes that survive long-term 
post IR originate primarily from cells in G1 phase of the cell 
cycle, indicating that DN2 thymocytes induce a protective G1/S 
checkpoint in response to IR-induced DNA damage.
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FigUre 3 | DN2 thymocytes activate a robust DNA damage response following γ-irradiation. Western blot analysis of (a) H2AX (Ser139) phosphorylation 
(γH2AX—marker of DNA double-strand breaks), p53 stabilization; and p21 and Puma expression in DN2 cells and NH-hematopoietic stem cells (HSCs) at 0–24 h 
post 4 Gy irradiation. Western blot analysis of total endogenous levels of (B) of H2AX, ATM, DNA-PKcs and Chk2; (c) of 53BP1, DNA ligase IV and Rad51; and  
(D) of Bcl-2, Bcl-XL, and Bim in un-irradiated (control) DN2 cells and NH-HSCs. β-Actin and β-tubulin were used as internal controls. All images are representative  
of one of three independent experiments.
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Dn2 Thymocytes activate a robust DDr 
Post-irradiation
The contrasting cellular responses of DN2 thymocytes versus 
NH-HSCs to IR-induced DNA Damage (strong induction of G1 
arrest in irradiated DN2 thymocytes versus apoptosis in NH-HSCs) 
suggested that the molecular DDR pathways may be differentially 
executed in these two cell types. To determine whether DN2 and 
HSC differentially activate the DDR in response to IR-induced 
DNA DSBs, H2AX Ser139 phosphorylation (γH2AX, DNA DSB 
marker); p53 stabilization; and p21 and Puma expression were 
analyzed over a 24-h time-course (Figure 3A). Maximal H2AX 
phosphorylation was detected in DN2 at 1 h post IR, whereas it was 
delayed in HSC and accumulated until 4 h post IR (Figure 3A). 
p53 was stabilized, and p21 and Puma expression were induced, 
in irradiated DN2 and HSC, indicating that DDR pathways were 
intact in these cell types in vitro. However, in contrast to HSC, 
p53 stabilization and induced expression of the pro-apoptotic 
protein, Puma, were transient in irradiated DN2 (Figure  3A). 
Furthermore, p21 expression was strongly induced in DN2 at 
early (1–4 h) time-points post IR whereas it was weakly induced 

in HSC at later time-points (12 and 24  h) (Figure  3A). Taken 
together, these results indicate that irradiated DN2 thymocytes 
rapidly induce the p53/p21 signaling cascade following DNA DSB 
generation which likely contributes to the ability of this cell type 
to induce a protective G1/S checkpoint, promoting their survival. 
Similar to previous observations seen in other radiosensitive cell 
types such as DP thymocytes (35), NH-HSCs appear to rapidly 
revert to inducing apoptosis, rather than protective DNA damage 
checkpoints, as evidenced by the long-term persistence of Puma 
and p53 stabilization in the presence of DNA DSBs (Figure 3A).

Western blot analysis of control DN2 and HSC whole cell extracts 
revealed that DN2 expressed higher endogenous levels of the 
DNA DSB sensor protein, ATM (Figure 3B) and of the DNA DSB 
repair via NHEJ proteins, DNA-PKcs and 53BP1, than NH-HSCs 
(Figures 3B,C). The expression levels of the DNA DSB mediator 
protein, Chk2, were found to be comparable between DN2 and 
NH-HSCs, whereas endogenous levels of Rad51, a protein playing 
a key role in DNA DSB repair via homologous recombination was 
increased in NH-HSCs in comparison with DN2 cells (Figure 3C). 
In addition, compared with NH-HSC, DN2 cells were found to 
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FigUre 4 | Cell cycle checkpoint activation of normoxic and hypoxic DN2 thymocytes. (a) Comparison of the percentage of cells in each phase of the cell cycle in 
NH-hematopoietic stem cell (HSC) and DN2 cells cultured in 21 or 5% O2. *p < 0.05, multiple t-tests with Holm–Sidak post-test correction. Quantification of average 
percentage of G1 phase (B) DN2 and (c) NH-HSC cells cultured in either 21 or 5% O2, 0–36 h post bromo-deoxyuridine (BrdU) pulse, with or without treatment with 
4 Gy of ionizing radiation (IR). *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA analysis with Bonferroni post-test correction, n = 3. Quantification of average 
percentage of BrdU-labeled G1 phase (D) DN2 and (e) NH-HSC cells cultured in either 21 or 5% O2, 0–36 h post BrdU pulse, with or without treatment with 4 Gy  
of IR. **p < 0.01, ***p < 0.001, two-way ANOVA analysis with Bonferroni post-test correction, n = 3.
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express higher levels of anti-apoptotic proteins, Bcl-2 and Bcl-XL, 
and of the pro-apoptotic protein, Bim (Figure 3D).

hypoxia Differentially impacts on the Dna 
DsB repair capacity of Dn2 Thymocytes 
and nh-hscs
Our group has previously shown that the capacity of irradiated 
mouse MSCs and TECs to repair DNA DSBs is modulated by 
hypoxia, correlating with an effect on their intrinsic radioresist-
ance (34, 40). Similar to the bone marrow, the thymus also con-
sists of a hypoxic environment and therefore we were interested 

in investigating whether hypoxia may affect the radiobiology of 
DN2 thymocytes. To this end, we first investigated the effect of 
hypoxia on cell cycle checkpoint activation in irradiated DN2 
thymocytes and NH-HSCs using the irradiation conditions 
studied previously. Culture in hypoxia did not affect the cell 
cycle progression of neither DN2 thymocytes nor NH-HSCs in 
normal growth conditions (Figure  4A). In addition, hypoxia 
exposure did not significantly impact on DNA damage check-
point activation and recovery of DN2 thymocytes in response 
to irradiation (Figures 4B,D). However, culture under hypoxic 
conditions resulted in a significantly higher proportion of 
NH-HSCs being able to survive and resume the cell cycle, 
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FigUre 5 | DNA repair and apoptotic proteins expression in normoxic and hypoxic NH-hematopoietic stem cell (HSC) and DN2 thymocytes. (a) Western blot 
analysis of H2AX (Ser139) phosphorylation in DN2 cells and NH-HSCs cultured in either normoxia (21% O2) or hypoxia (5% O2) at 0–24 h post 4 Gy irradiation.  
(B) mRNA expression levels of DNA repair factors DNA-PKcs (Prkdc), DNA Ligase IV (Lig4) and Rad51 in NH-HSC and DN2 cells in normoxia (21% O2) and hypoxia 
(5% O2). All values were normalized against β-actin and expressed relative to the NH-HSC normoxic sample. Representative western blots of (c) DNA damage 
response factors DNA ligase IV and 53BP1; and (D) pro- and anti-apoptotic proteins in NH-HSC and DN2 cells in normoxia (21% O2) and hypoxia (5% O2). All 
graphs show the average of three biological replicates. (*p < 0.05, multiple t-tests with Holm–Sidak post-test correction).
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compared to their normoxic counterparts (Figures 4C,E; Figure 
S5 in Supplementary Material).

In addition, the kinetics of γH2AX induction and resolution 
in DN2 and NH-HSC cultured in normoxia and hypoxia was 
analyzed at different time-points post-irradiation (Figure 5A). The 
kinetics of γH2AX induction in both cell types at early time-points 
post-irradiation were found to be unaffected by oxygen tension 
(Figure  5A). However, in hypoxia, faster resolution of γH2AX 
phosphorylation was observed in the case of NH-HSCs, which may 
indicate faster repair of DNA DSBs. By contrast, although as previ-
ously shown the peak of γH2AX levels in DN2 cells occurs earlier, 
culture under hypoxic conditions results in slower kinetics of DSB 
repair in these cells, opposite to the results obtained with NH-HSCs.

In light of the previous results (Figure  3B), the effects of 
hypoxia on the endogenous expression levels of DNA repair and 

apoptotic factors in NH-HSCs and DN2 cells were also analyzed 
(Figures  5B,D). Culture under different oxygen levels did not 
cause significant changes in mRNA expression level of any of the 
DNA repair factors analyzed (DNA-PKcs, DNA ligase IV, and 
Rad51) in both cell types (Figure 5B). Similar to previous results 
(Figure 3B), DN2 thymocytes expressed (i) higher endogenous 
levels of DNA Ligase IV and 53BP1 and (ii) lower levels of Rad51 
compared with NH-HSCs (Figures  5B,C). However, hypoxic 
DN2 cells had decreased levels of both proteins in comparison 
to their normoxic counterparts, correlating with the lower DSB 
repair efficiency detected in these cells in hypoxia (Figure 5A).

Protein levels of the anti-apoptotic factors Bcl-2 and Mcl-1 
and the pro-apoptotic factors Bim and Puma were also analyzed. 
Interestingly, compared with normoxic cultures, culture of 
NH-HSCs under hypoxic conditions resulted in a large increase 
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FigUre 6 | Characterization of DN pro-T cells in vivo response to ionizing radiation (IR). (a) Number of DN1, DN2, and DN3 pro-T cells; (B) number of DN1 and 
DN2 pro-T cells only that were recovered at different time points 0–12 h after irradiation with 9 Gy. (c) Average number of γH2AX IR-induced foci (IRIF) per nucleus 
and (D) representative images of DN2 nuclei stained for γH2AX IRIF and DAPI, corresponding to cells irradiated in vivo and isolated 0–12 h post IR.
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in endogenous Bcl-2 protein levels (Figure 5D). In line with this, 
the radioresistance of NH-HSCs was found to be increased in 
hypoxic conditions (Figure S5 in Supplementary Material). In 
normoxia, DN2 cells expressed high levels of endogenous Bcl-2 
protein, similar to those of hypoxic NH-HSCs, but this was not 
affected by oxygen tension. Interestingly, NH-HSCs and DN2 cells 
showed different patterns of expression of the two Mcl-1 bands 
detected by Western blotting. While DN2 cells express higher 
levels of the upper band regardless of the oxygen levels, NH-HSC 
express equal levels of both bands in normoxia, but show prefer-
ential expression of the lower one in hypoxia (Figure 5D). With 
regard to the pro-apoptotic proteins, while the levels of Puma 
were similar between DN2 and HSC, DN2 showed much higher 
levels of the Bim-EL and Bim-L isoforms.

In Vivo response of Dn Pro-T cell 
subpopulations to ir
Until now, we have demonstrated that the execution of the DDR 
and DNA DSB repair plays important roles in mediating the 
radioresistance of DN2 thymocytes in vitro. Therefore, our final 

objective was to determine whether DN2 thymocytes activate the 
DDR in vivo in response to irradiation. To do so, DN2 pro-T cells 
and their radiosensitive progenitors (DN1 cells) and progeny 
(DN3 cells) were isolated from either control or irradiated mice at 
different time-points following 9 Gy of whole body irradiation as 
graphically described in Figure S3A in Supplementary Material. 
The isolated cells were subsequently stained with specific antibod-
ies to CD25, CD44, cKit, and CD3 and sorted into DN1, DN2, and 
DN3 subpopulations (Figure S3B in Supplementary Material). 
The numbers of both DN1 and DN3 pro-T cells recovered from 
the thymi dramatically dropped after IR treatment, whereas the 
number of DN2 pro-T cells remained higher in proportion at all 
time-points post-IR (Figures 6A,B). Interestingly, CD117 (cKit) 
surface expression by DN cells decreased over time following 
the IR treatment, an effect that was not correlated with changes 
in cell size, as measured by FCS measurements (Figure S6 in 
Supplementary Material). Sorted DN subpopulations were then 
analyzed at different time-points post IR for the appearance and 
resolution of γH2AX IRIF (Figures 6C,D). Similar to our find-
ings in vitro (Figure 3A), in vivo-derived DN2 cells activated the 
DDR very quickly post IR, as evidenced by the peak in γH2AX 
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IRIF formation at only 30 min post IR. Remarkably, irradiated 
DN2 cells rapidly resolved these DNA DSBs, as indicated by the 
resolution of the majority of γH2AX IRIFs by 4 h. As previously 
shown (Figures  6A,B), the numbers of DN1 and DN3 cells 
decreased dramatically post-IR due to cell death, and for DN1 
cells, sufficient cells could not be recovered to carry out IRIF 
experiments. Since DN3 cells rapidly undergo apoptosis follow-
ing IR, causing generalized γH2AX staining in their apoptotic 
nuclei, accurately quantifying γH2AX foci was not possible. In 
addition, it must be noted that all time-points referred to in this 
experiment correspond to the time when the thymi were isolated 
post IR and cell suspensions placed at 4°C. The time elapsed dur-
ing sample preparation and sorting until cells were fixed (~2 h) is 
likely to underestimate the early kinetics of DNA damage repair 
in DN2 cells.

DiscUssiOn

Following bone marrow transplantation (BMT), patients undergo 
a period of lymphopenia until their immune system is success-
fully regenerated. This lymphopenia renders them susceptible 
to life-threatening opportunistic infections and reactivation of 
endogenous viruses (41, 42). Although thymic cellularity drops 
drastically following irradiation due to the high radiosensitivity 
of the majority of thymocytes (15), many authors have reported 
a single wave of thymic auto-reconstitution occurring shortly 
after radiation exposure (16–20). Bosco et  al.  (21) determined 
that auto-reconstitution of the thymus was due to the survival of 
relatively radioresistant CD25+, CD44+, CD117high conventional 
DN2 pro-thymocytes capable of recapitulating normal thymic 
differentiation and generating a cohort of cells exported to the 
periphery. In addition, they suggested that their mature periph-
eral T  cell progeny may act as a first barrier against infections 
during the lymphopenic periods that follow BMT (21). In fact, it 
has been shown that in some cases, host-derived anti-cytomeg-
alovirus-specific T cells are able to protect patients against viral 
infection during the lymphopenic period following BMT (43). As 
shown by Bosco et al. (21) in mouse BM chimeras, host-derived 
T  cells survive for at least 6  months (21), display a polyclonal 
TCR Vβ repertoire, and appear to be functional both in vitro (17) 
and in vivo (21). To positively identify the DN2-derived cohort of 
T cells and distinguish them from their extra-thymically derived 
partners is difficult. However, since the thymic stroma is also irra-
diated in BM chimeras, it would be of interest to investigate the 
efficiency of negative selection of the TCR Vβ repertoire amongst 
host thymus-derived T cells.

The mechanisms that mediate the radioresistance of DN2 
thymocytes, in contrast to radiosensitive DN1 and DN3 thymo-
cytes, are so far poorly characterized. One of the main difficulties 
to overcome in studying the radiobiology of DN cells at the 
molecular level is their low number (especially DN1 and DN2) 
in the normal mouse thymus. Therefore, in this study, we utilized 
“the Plastic Thymus” culture system to expand purified DN2 
pro-T cells in vitro to study the role of the DDR in mediating their 
radioresistance. Overall, this study has demonstrated that (i) DN2 
thymocytes activate a rapid DDR in response to IR-induced DNA 
DSBs, which in turn, (ii) is likely to contribute to their ability to 

induce a protective G1/S checkpoint and thereby, provide DN2 
cells with a time window for repairing DNA DSBs, promoting 
their survival.

Developing T  cells undergo a process of rearrangement of 
their TCR via V(D)J recombination, which begins during the 
DN1 to DN2 transition (44). V(D)J recombination is initiated by 
Rag-mediated DNA DSBs (45) that trigger the activation of the 
DDR and the subsequent repair of the lesions via NHEJ (46–48). 
The DDR pathway is crucial for lymphocyte development as dem-
onstrated by the fact that deficiency or loss-of-function mutations 
in important DDR genes such as ATM, Nbs1, 53BP1, TopBP1, 
and DNA ligase IV cause multiple defects in lymphocyte develop-
ment and function, resulting in aberrant V(D)J rearrangements, 
lymphopenia, and increased susceptibility to hematological 
malignancies (49–54). Interestingly, in this study, compared with 
HSC, DN2 thymocytes were found to express higher endogenous 
levels of key DDR sensor and NHEJ proteins, including ATM, 
53BP1, DNA ligase IV, and DNA-PKcs (Figures 3B,C). This may 
reflect the need for DN2 thymocytes to have a robust DDR in 
place for effective regulation of TCR gene rearrangements during 
early thymic development. Also, in lymphocytes, ATM and p53 
have been directly implicated in limiting DSBs caused by V(D)J 
recombination exclusively to the G1 phase of the cell cycle (55), 
via the repression of Cyclin D3 expression (56). This mechanism, 
which is specific for developing lymphocytes and not observed 
in mature T cells, may explain the preferential activation of the 
G1/S checkpoint in DN2 pro-T cells in response to DNA damage. 
However, the V(D)J recombination process not only occurs in 
DN2 cells but also in more advanced stages of T cell development, 
as well as in pro-B  cells (10), which are highly radiosensitive. 
Therefore, gene rearrangement alone is not sufficient to explain 
the unique radioresistance of DN2 cells, compared with other 
lymphoid progenitors that also execute V(D)J recombination.

In addition, in comparison with HSCs, DN2 cells also 
expressed particularly high levels of the pro-apoptotic factor Bim 
(Figure 5D). Bim is an important apoptotic mediator in thymo-
cyte biology that has been shown to be crucial in many stages 
of T cell development, such as for the regulation of lymphocyte 
progenitor survival and negative selection (57–60). Furthermore, 
Bim activity is known to be crucial for inducing apoptosis in 
thymocytes in response to IR (61), and it has been shown to be 
highly expressed in thymocytes prior to pre-TCR expression, 
that is, at the DN3 stage, and is downregulated upon signaling 
through the pre-TCR (62). Therefore, our observation of high 
levels of Bim being expressed in DN2 thymocytes is in line with 
the literature in the field. These high levels of Bim would be lethal 
for the cells if they were not counteracted by high expression of 
anti-apoptotic proteins such as Bcl-2 [also in line with our results 
(Figure 3B), which is also highly expressed in DN pro-T cells and 
is downregulated at the DP stage (63, 64)]. Interestingly, this high 
Bcl-2 expression is dependent on IL-7, an indispensable cytokine 
for T lymphopoiesis, whose receptor IL7Rα (CD127) is under the 
control of Notch1 signaling (65, 66), two of the main components 
in “The Plastic Thymus” culture system.

In contrast to DN2 pro-T cells, HSCs are highly radiosensi-
tive (67, 68). Here, we have characterized the DDR of NH-HSCs 
cultured in vitro and compared it to that of DN2 cells, showing 
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that NH-HSCs display higher radiosensitivity than DN2 cells 
particularly at high IR doses (closer to those used as cytoreduc-
tive regimens prior to BMT) (Figure 1). Several aspects of their 
biology may be contributing to this effect, such as (i) their slower 
activation of the DDR pathway in response to IR, (ii) lower 
levels of expression of DDR factors that are important for NHEJ, 
(iii) differential DNA damage checkpoint activation compared 
with DN2 cells (Figures 2 and 3), and (iv) more rapid cell cycle 
kinetics. It would appear that cell cycle kinetics alone cannot 
explain the increased susceptibility of NH-HSCs to irradiation. 
Strikingly, NH-HSCs from Bcl-2 transgenic mice, although 
retaining the same cell cycle kinetics as their non-Bcl-2 partners, 
did not undergo apoptosis following irradiation (unpublished 
observation). This indicates that the more rapid cell cycle kinet-
ics of NH-HSC compared with DN2 cells was not responsible for 
their susceptibility to apoptosis. As previously shown by Bosco 
et  al. (21), DN2 cells from Bcl-2 transgenic mice also showed 
dramatic changes in survival in vitro. Taken together, while the 
proliferation status of a given cell type may affect its radiosen-
sitivity, we believe that our studies collectively suggest that the 
intrinsic orchestration of the DDR signaling pathway choice (i.e., 
induction of DNA damage checkpoints and DNA DSB repair 
versus cell death) plays a more important role in determining 
radiosensitivity. It would be of interest to compare the in vitro 
sensitivity of NH-HSC and DN2 thymocytes to glucocorticoids 
to help separate differences in their survival and DDR pathways. 
Previous experiments (20) had shown that host (presumably 
DN2)-derived thymocytes were seen in BM chimeras where 
recipient mice had been treated with hydrocortisone acetate 
48 h prior to irradiation and BM reconstitution. This suggests 
that DN2 cells are glucocorticoid resistant in  vivo. Animals 
treated with glucocorticoids and left to recover showed no sign 
of hematopoietic failure, suggesting indirectly that HSC and/
or multipotent progenitors do not appear to be glucocorticoid 
sensitive in vivo (20).

Interestingly, culturing NH-HSCs under hypoxic conditions 
(5% O2) increased the efficiency of DNA repair (Figure 5A) and 
suvival capacity (Figure 4; Figure S5 in Supplementary Material) 
in these cells, as well as inducing an important up-regulation of 
Bcl-2 protein levels (Figure 5D). By contrast, culture of DN2 cells 
in hypoxia resulted in less efficient DNA repair (Figure 5A) and 
decreased levels of DNA ligase IV and 53BP1 (Figure 5C) were 
detected in this condition. However, surface marker analysis of 
normoxic and hypoxic in vitro DN2 cultures demonstrated that, 
while DN2 cells cultured in normoxia maintain a stable pheno-
type, culturing the same cells in hypoxia results in the accumula-
tion of a CD25− subpopulation that increases in number over 
time (data not shown). This fact makes it impossible to compare 
the DDR of DN2 cells in normoxia and in hypoxia, since in this 
last condition, a mixed population of CD25+ DN2-like cells and 
CD25− cells of unknown nature are analyzed jointly and it is 
impossible to distinguish the specific contributions of each one 
to the overall result.

Despite these previous observations, DN2 pro-T cells cultured 
in  vitro under normoxia retain many of their phenotypic and 
functional characteristics, which makes this culture system a 
very useful tool for the study of DN2 cells at the molecular level. 

For this reason, it was important to also investigate whether 
the robust DDR activation and DNA DSB repair by DN2 thy-
mocytes observed in  vitro also occurs within the thymus itself 
(Figure 6). Cell numbers recovered from the thymus at different 
time-points post IR indicated that a higher proportion of DN2 
thymocytes remain viable, in comparison with DN1 and DN3 
thymocytes, whose numbers dropped quickly following IR 
exposure (Figures  6A,B). Surprisingly, cKit surface expression 
by DN cells was observed to decrease over time after IR (Figure 
S6 in Supplementary Material). Previous studies (69) have 
indicated that ckit is a target gene for Notch signaling. Therefore, 
the decrease in CD117 expression may be the result of decreased 
Notch ligand expression by TECs following irradiation (34).

Interestingly, DN2 pro-T  cells displayed discrete, single, 
γH2AX IRIF in the absence of IR treatment (Figure 6D), which 
according to the observations from Chen et  al. (52), may cor-
respond to sites of V(D)J recombination-induced DSBs. Similar 
to the results obtained from DN2 cells in vitro, DN2 thymocytes 
ex vivo displayed fast activation of their DDR following IR, with 
γH2AX IRIF numbers peaking at 30  min post-IR. The quick 
disappearance of γH2AX IRIF, which was largely complete by 4 h 
after IR, is an indicator of the high efficiency in DSB repair dis-
played by DN2 cells in vivo. This is, to the best of our knowledge, 
the first time that the in vivo DNA repair efficiency of DN2 cells 
has been characterized.

In conclusion, we have used “The Plastic Thymus” in  vitro 
culture system to investigate in detail the mechanisms responsible 
for the relatively high DN2 radioresistance that allows thymic 
auto-reconstitution following radiation exposure. We have shown 
that multiple facets of their DDR are likely to contribute to their 
enhanced survival in contrast to radiosensitive HSCs. Finally, 
we have demonstrated that DN2 pro-thymocytes are capable of 
efficiently repairing DNA DSBs in vivo following lethal thymic 
irradiation.
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There are many different pathogenic stimuli that are able to activate the immune system, 
ranging from microbes that include bacteria, viruses, fungi, and parasites to host-derived 
triggers such as autoantigens that can induce autoimmunity as well as neoantigens 
involved in tumorigenesis. One of the key interactions shaping immunity toward these 
triggers involves the encounter of antigen-processing and -presenting cells such as 
macrophages and dendritic cells with T cells, resulting in immune responses that are 
highly selective for the antigenic trigger. Research over the past few years has implicated 
members of the coronin protein family, in particular coronin 1, in responses against sev-
eral pathogenic triggers. While coronin 1 was initially described as a host factor allowing 
the intracellular survival of the pathogen Mycobacterium tuberculosis, subsequent work 
showed it to be a crucial factor for naïve T cell homeostasis. The activity of coronin 1 
in allowing the intracellular survival of pathogenic mycobacteria is relatively well charac-
terized, involving the activation of the Ca2+/calcineurin pathway, while coronin 1’s role 
in modulating naïve T cell homeostasis remains more enigmatic. In this mini review, we 
discuss the knowledge on the role for coronin 1 in immune cell functioning and provide 
a number of potential scenarios via which coronin 1 may be able to regulate naïve T cell 
homeostasis.

Keywords: coronin 1, macrophages, Mycobacterium tuberculosis, naïve T cell homeostasis, interleukin 7, T cell 
receptor

inTRODUCTiOn

The vertebrate immune system has evolved to efficiently deal with both intracellular and extracellular 
pathogens to ensure a battery of defense strategies, both through innate and adaptive mechanisms. 
The innate immune defense arm can react rapidly as a result of the recruitment of neutrophils, 
natural killer cells, dendritic cells, and macrophages to the site of infection. These cells not only 
ensure the direct elimination of the pathogens but also aid in the activation of adaptive immunity by 
inducing the proliferation, maturation, and expansion of B and T lymphocytes. The concerted action 
of innate and adaptive immune cells results in an effective clearance of microbial and parasitic patho-
gens; however, several pathogens have evolved to withstand such immune detection, sometimes by 
hijacking the immune system at several levels.

For many bacterial pathogens, the initial and often fatal encounter is their interaction with 
macrophages. These cells are the scavengers of the vertebrate immune system, and typically digest 
any microbe following their internalization through phagocytosis and delivery to lysosomes and/or 
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autophagosomes (1, 2). Following digestion, pathogen-derived 
antigens (peptides, lipids, and metabolites) can be bound to the 
so-called antigen-presenting molecules of the major histocom-
patibility complex (MHC) class I and class II, cluster of differen-
tiation 1 (CD1), or MHC class I-related protein MR1 complexes, 
which are then re-routed to the plasma membrane where these 
antigens can be presented to T  lymphocytes. This interaction 
between antigen-presenting cells and T cells subsequently trig-
gers T cell proliferation/expansion in an antigen-specific man-
ner (3–6). One particularly notorious pathogen, Mycobacterium 
tuberculosis, which is transmitted through aerosols and is 
phagocytosed by alveolar macrophages, has evolved to hijack 
this process of intracellular degradation, thereby converting the 
normal hostile environment of the macrophage into a safe haven. 
M. tuberculosis does so using multiple strategies, including the 
attenuation of macrophage inflammatory signaling cascades, 
neutralization of reactive oxygen and nitrogen species, as well 
as altering its metabolic state (7–10). As a result, instead of 
being degraded within macrophages, M. tuberculosis manages 
to survive for a prolonged time within these cells, often in a 
so-called dormant state, and can become reactivated when the 
health of an infected person deteriorates, for example, following 
food deprivation or inflammatory stress, such as co-infection 
by HIV. Apart from its ability to survive within macrophage 
phagosomes, M. tuberculosis has been reported to be released 
into the macrophage cytosol, where it can activate a number 
of mechanisms leading to cell death, allowing the dissemina-
tion of the bacilli to neighboring cells (11). The capacity of M. 
tuberculosis to withstand intracellular delivery to lysosomes and 
degradation was initially realized from electron micrographs of 
M. tuberculosis-infected macrophages (12) and has been widely 
recognized as a major strategy employed by M. tuberculosis to 
establish long-term infections.

iDenTiFiCATiOn OF COROnin 1 AS  
A SURvivAL FACTOR FOR 
inTRACeLLULARLY ReSiDinG 
MYCOBACTeRiA

Given the central importance for M. tuberculosis to prevent 
intracellular delivery to lysosomes for the establishment of a 
long-term infection, it is not surprising that mycobacteria utilize 
a number of different strategies to achieve this (8, 9, 13). One of 
these strategies was found to be the recruitment and retention 
of a host protein, coronin 1 (also known as P57 or TACO, for 
Tryptophan Aspartate containing Coat protein), to the cytosolic 
side of the mycobacterial phagosome. Coronin 1 is expressed in 
all hematopoietic cell types and is a member of the widely con-
served coronin protein family, members of which are expressed 
in virtually all eukaryotic species (14, 15). The recruitment of 
coronin 1 activates the calcium/calcineurin pathway that was 
shown to block phagosome–lysosome fusion and the degrada-
tion of the internalized mycobacteria (16, 17). The precise 
mechanism via which calcineurin, a ubiquitously expressed 
phosphatase, modulates intracellular mycobacterial survival 
remains to be identified, and it is possible that calcineurin acts in  

concert with several of the other factors that have been identified 
to allow M. tuberculosis survival within macrophages, including 
kinases, lipids, metabolites, and signaling molecules (18–23). 
Coronin 1-dependent modulation of lysosomal trafficking 
appears to be specific for mycobacteria, since several other 
types of cargo are readily delivered to lysosomes in a coronin 
1-independent manner (16).

The role for coronin 1 in protecting M. tuberculosis from 
intracellular death within macrophages was corroborated by 
analyzing mice that lack the gene coding coronin 1 (coro1a). 
In macrophages derived from these mice, mycobacteria are 
readily transferred to lysosomes followed by their destruction 
(16). However, other than the inability of coronin 1-deficient 
macrophages to support the intracellular survival of pathogenic 
mycobacteria, macrophages devoid of coronin 1 appear to be 
fully functional in terms of phagocytosis, endocytosis, motility, 
membrane ruffling, and migration (16, 24). This is also notable 
because coronin family members have been widely implicated 
in regulation of the F-actin cytoskeleton (25). The reasons for 
the absence of F-actin-dependent phenotypes in macrophages 
devoid of coronin 1 may lie within (i) the fact that other cor-
onin family members with redundant roles are co-expressed in 
macrophages, (ii) a function for coronin 1 upstream of F-actin 
modulation, or (iii) differences in experimental protocols used 
to analyze coronin 1’s function in macrophages. Interestingly, 
upon macrophage activation as occurs during an inflammatory 
stimulus, coronin 1 functions to switch the mode of uptake 
from phagocytosis to macropinocytosis, thereby enabling mac-
rophages to rapidly internalize large amount of cargo and shut-
tling these to lysosomes for degradation (26, 27). Thus, it appears 
that M. tuberculosis, perhaps in the course of its long-term co-
evolution with their mammalian hosts, has gained the capacity 
to utilize coronin 1-dependent arrest of phagosome–lysosome 
fusion to allow long-term survival within macrophages, that are 
precisely those cells destined to destroy any incoming bacilli.

PeRiPHeRAL T CeLL SURvivAL  
AnD COROnin 1

The availability of mice lacking coronin 1 also allowed the 
analysis of other hematopoietic cell types with respect to their 
dependence on coronin 1 for proper functioning. Strikingly, 
whereas virtually all other cell types appear to be unaffected 
by the absence of coronin 1, there is one notable exception: 
mice devoid of coronin 1 are profoundly deficient in T  cells 
(28–31). Interestingly, this T cell deficiency is exclusively found 
in peripheral lymphoid organs: T cell development and selec-
tion, as for example occurring in the thymus, is not affected by 
the absence of coronin 1 (32). Several explanations have been 
put forward to explain the peripheral T cell deficiency in mice 
lacking coronin 1: first, the above-mentioned role for coronin 
proteins in modulating F-actin was suggested to be responsible 
for inducing T cell death, via a proposed role for coronin 1 in 
reducing F-actin levels, in the absence of which elevated F-actin 
may act to induce cell death (28). However, subsequent work 
showed that in leukocytes coronin 1 does not modulate F-actin, 
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and furthermore that accumulation of F-actin does not correlate 
with the induction of cell death (30, 33). Alternatively, coronin 
1 may be involved in the transduction of signals downstream of 
the T cell receptor (TCR), in the absence of which pro-apoptotic, 
rather than pro-survival signals, are being activated (29, 30, 33).  
Such a pro-survival role for coronin 1 must be selective for 
peripheral naïve T  cells, since both thymic selection and  
effector/memory T cells do not depend on coronin 1 for either 
survival or functionality (29, 32).

HOMeOSTATiC COnTROL OF 
PeRiPHeRAL nAÏve T CeLL nUMBeRS

As mentioned above, while peripheral CD4 and CD8 positive 
T  cells are profoundly depleted upon coronin 1 inactivation, 
T cell development and selection in bone marrow and thymus 
is virtually undisturbed. This is a surprising observation since 
two of the main drivers of naïve T  cell homeostasis, namely, 
MHC:TCR signaling and interleukin (IL)-7:IL-7 receptor (IL7R) 
signaling are both important for thymic T-cell survival (34). Thus, 
either these signaling pathways require coronin 1 exclusively in 
peripheral lymphoid organs or, alternatively, coronin 1 is involved 
in an as yet undefined pathway responsible for peripheral naïve 
T cell survival.

Homeostatic proliferation and survival are differently con-
trolled between naïve and memory T cells and between CD4 and 
CD8 T cells (35). For the discussion here, we focus on the naïve 
CD4 T cell subset, which is most severely suppressed in coronin 
1-deficient mice. The mechanisms that have been suggested to 
maintain naïve CD4 T cells include, besides the aforementioned 
IL-7 signaling and MHC–TCR interaction, other signaling 
pathways such as those involving IL-2, 15, and type I interferons, 
although these appear to be involved to a lesser extent (34, 36–38).

Interleukin-7 has a central role in early lymphopoiesis in the 
thymus to drive the selection of CD8 lineage-committed cells 
(39–41). IL-7 does so, via activation of the IL7R pathway, through 
induction of the expression of the pro-survival factor Bcl2 and 
inhibiting the pro-apoptotic factors Bad and Bax. Regarding the 
role for IL-7 on maintenance of the peripheral naïve CD4 T cell 
pool, there are conflicting data in the literature. In support of 
a role for IL-7 in naïve CD4 T cell survival, Tan et al. demon-
strated a failure of transferred T cells to survive when adoptively 
transferred to IL-7-deficient mice (42). Also, overexpression of 
IL-7 was shown to enhance T cell proliferation in a lymphopenic 
mouse model (43). Furthermore, several studies documented 
enhanced peripheral T cell proliferation upon overexpression of 
IL-7 or the IL7R (44, 45), although this was not observed in all 
animal models (46). Furthermore, in vivo infusion of IL-7 results 
in increased naïve CD4 T cell numbers, although the effect on 
CD8 T  cells is many-fold higher (47–49). On the other hand, 
a number of studies have reported that IL-7 is dispensable for 
CD4 T cell proliferation and survival; for example, blockade of 
the IL-7 receptor alpha chain (IL-7Rα) inhibits only a minor 
population of low-rate proliferating naïve CD4 T  cells after 
transfer to RAG2-deficient recipients, without affecting the 
high-rate proliferating cells (50). Also, while administration 

of anti-IL-7 antibodies reduces the survival of peripheral CD4 
positive T cell numbers (51), it does so only when IL-4 is also 
depleted (52), suggesting redundant roles for cytokines sharing 
the common receptor gamma chain (γc). Conversely, more recent 
work using a xenogeneic model suggests that increasing IL-7 
signaling does not affect peripheral T cell numbers while it does 
modulate T cell development in the thymus (53). Furthermore, 
conditional genetic deletion of IL-7Rα or γc at the late-stage of 
thymic development, circumventing the suppressive effect on 
early lymphopoiesis, showed only minimal reduction in CD4 
single positive thymocytes, compared with a profound reduc-
tion of CD8 single positive T cells, whereas peripheral naïve CD4 
T cell numbers have not been addressed in these studies (54, 55). 
Finally, it has been proposed that rather than a direct availability 
of IL-7 to CD4 T cells, IL-7 signaling on antigen-presenting cells 
may be the main driver of homeostatic proliferation of naïve 
CD4 T cells in vivo (56, 57).

Thus, while the role for IL-7 in CD8 T cell lineage selection in 
the thymus is clearly established, it appears to be dispensable for 
CD4 T cell lineage selection, and an exclusive role for this cytokine 
in the maintenance of peripheral naïve CD4 T  cell survival is 
unclear. Perhaps, IL-7 is mainly required for depletion-induced 
(“homeostatic”) proliferation rather than maintenance of T cell 
numbers under non-perturbed situations. Given the normal 
thymic T cell development observed in mice lacking coronin 1 
(32), it is unlikely that coronin 1 plays a role directly downstream 
of IL-7 signaling. However, it is possible that coronin 1 works in 
concert with IL-7 signaling to allow peripheral naïve CD4 T cell 
survival.

The second trigger that is widely reported to be involved in 
naïve CD4 T  cell survival is TCR signaling by MHC:peptide 
complexes. While, similar to IL-7 signaling, MHC molecules play 
a crucial role during thymic selection (58, 59), several studies 
have reported that MHC molecules are important for peripheral 
T cell survival and proliferation (60–62). In particular, peptides 
loaded on MHC, possibly self-ligands, were considered to be 
crucial for homeostatic expansion of CD4 T cells, as shown by 
reduced expansion in hosts that lack peptide presentation on 
MHCII (63, 64), suggesting that specific TCR–MHC interaction 
is important.

Besides the aforementioned studies that report a role for 
MHC molecules in the survival and proliferation of naïve 
T  cells, there are several studies suggesting that naïve T  cell 
survival is MHC independent. For example, both survival and 
proliferation of peripheral CD4 T cells have been reported to 
occur in the absence of MHC class II molecules (65, 66). In 
addition, another study indicates that MHC may be important 
for proliferation but not for survival of naïve CD4 T cells (67), 
considering also the long half-life of T cells after depletion of 
MHC class II molecules (68, 69).

Regarding the role for peptide presentation on MHC class II 
molecules, one study using the same H2M-deficient system as 
Viret et  al. (63) have shown dispensability of peptide ligands 
for peripheral T  cell survival (68). Moreover, DC–T  cell 
synapse accompanied with polarized PKCθ phosphorylation, 
indicating the existence of TCR signaling, was detected without 
antigens or MHC itself (66). Thus, T  cell responses supposed 
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to be important for peripheral T  cell survival and homeo-
static proliferation may not require interaction with cognate  
peptide–MHC complexes.

As described above, arguments have been brought forward both 
in favor of and against a role for MHC class II molecules in naïve 
T cell survival. What exactly underlies the discrepancy between 
these opposing results, that in part were obtained using the same 
experimental model [for example, the same H2M-deficient mouse 
was used to conclude for and against a role of MHC class II in 
T cell survival, see Ref. (63, 68)], remains to be analyzed and could 
lie within an inability to distinguish survival and proliferation, the 
usage of mice deficient in different components of MHC, or the 
subtype of peripheral T cells analyzed (e.g., naïve versus memory) 
(70–72). Interestingly, even in the complete absence of MHC class 
II molecules in both mice and man, peripheral naïve T cells can 
be maintained, even for prolonged times (72–74).

Thus, the extent to which MHC–peptide:TCR interaction 
is important for peripheral naïve CD4 T cell survival remains 
unclear. Given the normal thymic development of T  cell 
precursors in mice deficient in coronin 1 and the important 
role for MHC–TCR signaling in that process, it is unlikely that 
coronin 1 plays a prominent role in MHC-dependent T  cell 
activation to generate mature T  cells. Whether the role for 
coronin 1 in the maintenance of peripheral T  cells involves 
intracellular events downstream of TCR remains to be analyzed 
(29). Coronin 1 has been suggested to act through activation 

of calcium/calcineurin signaling and through modulation of 
the cytoskeleton (16, 28–31, 33), but how, exactly, defects in 
these pathways would result in such a selective phenotype 
(peripheral naïve T cell deficiency) remains unclear. It should 
also be mentioned that little is known about the molecular 
mechanisms underlying the transition from semi-mature sin-
gle positive thymocytes to mature naïve T cells in the periphery 
(75). Future work exploring a possible role for coronin 1 in 
both the above described IL-7 and MHC–TCR signaling as well 
as yet unexplored pathways may allow to shed light not only on 
the molecular mechanisms in which coronin 1 is involved but 
also possibly contribute to a better understanding of peripheral 
naïve T cell homeostasis.
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