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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 | 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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(<50 cells in the CD45.2+ gate). The ratio 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: 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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