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ABSTRACT

N-ethyl-Nnitrosourea (ENU)-induced mutagenesis provides a powerful approach for identifying genes in-
volved in immune regulation and diseases. Here we describe a new mutant strain, HLB368, with hereditary leuko-
penia. At necropsy, the mutant mice had very small thymuses and spleens. All but the inguinal nodes were absent
and there were no Peyer’s patches. By flow cytometry, the ratios of T-cell subsets were normal, but B-cell develop-
ment was blocked at the pre-pro-B-cell stage. The development of Bl and marginal zone B cells was relatively
normal. The mutation was mapped to chromosome 3 between D3Mit221 and D3Mit224, a region that contains
the Il7gene. cDNA and genomic DNA sequences of Il7revealed a T-to-C missense transition resulting in a change
of Leu to Pro within the leader peptide that would be predicted to inhibit secretion. In keeping with this concept,
we found that in vitro treatment of B-cell progenitors from mutant mice with IL-7 induced them to differentiate
into pre-BII cells. Phenotypic comparisons of HLB368 with genetically targeted /I7 null mice showed many
similarities along with a few differences, indicating that this ENU-induced mutant carries a novel allele. This new
strain thus provides a new model for studying the functions of IL-7 on a pure C57BL/6 background.

HE cytokine interleukin seven (IL-7) was discovered

in 1988 by NAMEN et al. (1988a) as a growth factor

for B-cell progenitors. Extensive studies have found a
central role for IL-7 in development of both B and T
lymphocytes. IL-7 is a member of the type I cytokine
family and binds to the IL-7 receptor (IL-7R), which is
expressed only at certain stages of lymphoid cell
development. The IL-7R is composed of two elements,
the common <y-chain, yc, encoded by I{2rg, and the IL-
7Ra chain, encoded by 1I7r The yc chain is a shared
component of the receptors for I1L-2, IL-4, IL-9, IL-15,
and IL-21. The IL-7Ra chain is also a component of the
receptor for thymic stromal lymphopoietin (TSLP). The
paired components of the IL-7R pair transmit signals
regulating the proliferation of early lymphocytes in the
bone marrow (BM) and thymus and homeostasis of
peripheral T cells (FrRy and MacgkaLL 2005). IL-7 is pro-
duced primarily by nonhematopoietic cells including
stromal cells in the BM and thymus and epithelial cells
in the skin and intestine (NAMEN et al. 1988b; SAKATA
et al. 1990; HEUFLER et al. 1993; WATANABE et al. 1995).
The requirement for IL-7 in development of lympho-
cytes has been demonstrated in experiments using
blocking antibodies and with genetically engineered
mice with a null allele of Il7. Neutralization of IL-7 or
blocking of the IL-7R in vivoresults in rapid depletion of
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BM B-lineage cells and thymic T cells (GRABSTEIN et al.
1993; Supo et al. 1993). In addition, IL-7- or IL-7R-
deficient mice exhibit severe lymphopenia of both B
and T lineages (PEscHON ef al. 1994; vVON FREEDEN-
JEFFRY et al. 1995; RicH 1997). The identification of IL-
7Ra chain mutations in patients with T"B*NK" severe
combined immunodeficiency disease showed that IL-7
is also essential for human T-cell development, but not
for B-cell differentiation (PUEL et al. 1998). However,
because one of the functions of IL-7 is to induce clonal
expansion, it is highly possible that IL-7 signaling may
contribute to the diversity of the human B-cell reper-
toire (MONROE and ALLMAN 2004).
N-ethyl-Nmitrosourea (ENU)-induced mutagenesis
has provided a powerful approach for identifying genes
involved in normal biological processes and diseases.
ENU introduces single-point mutations at a rate ~100-
fold higher than the rate of spontaneous mutations
(BEIER 2000; CoGHILL ¢t al. 2002). Mice with phenotyp-
ically discernible point mutations in single genes are
being generated in large numbers through several on-
going ENU mutagenesis screens, including one at the
Jackson Laboratory funded by the National Heart, Lung
and Blood Institute as part of the Mouse Heart, Lung,
Blood and Sleep Disorders Center. Progeny mice are
tested for a large number of physiologic parameters,
including peripheral white blood cell (WBC) counts. A
phenotypic deviant with a decreased WBC count was
bred and the trait was found to be heritable. The charac-
teristics of the mutant mice and genetic analysis identify
the mutant as occurring in the //7 gene. The availability
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of this mutation on a pure ChH7BL/6 background pro-
vides a new opportunity for studying the roles played by
IL-7 in the development and function of the immune
system and in various disease conditions.

MATERIALS AND METHODS

Animals: C57BL/6] (B6) mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). A mutant B6 mouse,
HLB368, was generated as part of an ENU project in the
Mouse Heart, Lung, Blood and Sleep Disorders Center at the
Jackson Laboratory. A detailed description of the project can
be found at http:/pga.jax.org/about/index.html. HLB368
mice exhibited heritable recessive leukopenia (http:/pga.
jax.org/reports/43691.html). Except as indicated in supple-
mental data (at http:/www.genetics.org/supplemental/),
5-month-old mice were used for fluorescence-activated cell
sorting (FACS) analysis.

Flow cytometric analyses: Single-cell suspensions were pre-
pared from bone marrow, spleen, thymus, lymph node (LN),
and peritoneum washouts as described previously (WANG et al.
2001). Cells were stained with FITC-, phycoerythrin-, allophy-
cocyanin-, or biotin-conjugated antibodies specific for mouse
B220, CD3, CD4, CD5, CD8a, CD11b, CD11c, CD19, CD21,
CD23, CD24 (HSA), CD25, CD40, CD43, CD44, CD69, CD80,
CD86, MHC class II, immunoglobulin (IgM), Gr-1, and NK1.1
(BD-Biosciences, San Diego). Biotinylated antibodies were re-
vealed with streptavidin-conjugated Percp (BD-Biosciences).
Cells were analyzed using a FACSCalibur (Becton Dickinson,
Mountain View, CA). Data were analyzed by WinMDI software
(Scripps Institute, La Jolla, CA).

Mutation mapping: Genetic mapping was performed using
an Fy intercross with C3H/HeJ] mice and the mutation was
mapped to an interval of 14 cM on chromosome 3 bounded by
D3Mit221 and D3Mit224 (http://pga.jax.org/reports/43691.
html).

Identification of the 117 mutation: Total RNA was extracted
from spleens of B6 and HLB368 mice using a RNeasy mini kit
(QIAGEN, Valencia, CA) according to the manufacturer’s
instructions. A DNA digestion step was included before elution
of RNA. ¢cDNA was synthesized with SuperScript III reverse
transcriptase and oligo(dT) primers (Invitrogen Life Technol-
ogies, Carlsbad, CA). PCR primers for cloning were 1l7sense, 5'-
AGTTATGGCAAAGCCAGAGCG-3', and Ii7 antisense, 5'-ATTT
GAGCAGGAGGCATCCAG-3'. Genomic DNA was prepared
from the tails of B6 and HLB368 mice. PCR primers for cloning
were Il7sense, 5'-CCTCCCCATCGGATACCTC-3'; Il7 antisense,
5'-TGCCTCCTTTCTTGTCAGGC-3'. Amplicons of both cDNA
and genomic DNA were cloned into pGEM-T Easy vector
(Promega, Madison, WI) and sequenced by the Research
Technology Branch, National Institute of Allergy and Infectious
Diseases/National Institutes of Health (Hamilton, MT).

Bone marrow culture: Red blood cells in bone marrow cells
of B6 and HLB368 mice were lysed with ACK lysing buffer
(Cambrex Bio Science, Walkersville, MD). Cells were cultured
at 1 X 10°/ml in Iscove’s modified Dulbecco’s media medium
supplemented with 10% fetal bovine serum and 10 ng/ml of
IL-7 (R & D Systems, Minneapolis) for 6 days. The cells were
then harvested, stained with antibodies recognizing IgM, B220,
and CD25, and analyzed by FACS.

RESULTS

Identification of mutant HLB368 and genetic map-
ping studies: WBC counts performed as part of the

screening of third-generation mutagenized mice iden-
tified a phenotypic deviant with a significantly de-
creased WBC count on nonfasted whole-blood analysis
(WBC was 1.5 X 10° cells/ul). The heritability of the
phenotype was confirmed and mapped to an interval
of 14 cM on chromosome 3 between D3Mit221 and
D3Mit224 (http://pga.jax.org/reports/43691.html).

Characteristics of lymphoid organs are abnormal in
mutant mice: At necropsy, HLB368 mice were seen to
have significantly smaller thymuses and spleens. While
inguinal LN were detectable at markedly reduced size,
all other peripheral LN (popliteal, cervical, axillary),
mesenteric nodes, and Peyer’s patches were not present.
Histological analysis of spleens from mutant mice re-
vealed grossly normal structures including the well-
organized white pulp and follicles. The marginal zone
of the follicle was well demarcated by the marginal sinus
(not shown). The thymuses of mutant mice had normal
medullary and cortical zones (data not shown).

ENU mutant mice exhibit reduced T-cell numbers
but normal T subsets in thymus and spleen: The cellu-
larity of thymuses and spleens of HLB368 mice was
reduced to 10 and 40% of normal mice, respectively
(Figure 1A). In the thymus, FACS analysis indicated that
the percentages of both CD4 and CD8 lineage cells
were normal. However, the ratios of CD4 to CD8 cells of
mutant mice were slightly but consistently increased
compared with those of normal mice (Figure 1B). In the
spleen, the ratios of CD4 to CD8 cells were normal even
though the absolute number of T cells was reduced by
nearly 80% (Figure 1C). These data suggested that the
mutation primarily affected T-cell proliferation and
expansion rather than differentiation.

Abnormal B-cell development in ENU mutant mice:
In the BM, the cellularity was comparable between nor-
mal and mutant mice (data not shown). However, the
numbers of IgM* and IgM™ B cells were reduced to 10
and 39% of normal, respectively (Figure 2). Among the
few IgM~ B cells of mutants, there were no HSA" and
BP-1" B cells, indicating that the B-cell development
was blocked at the transition from Hardy fraction (Fr.) A
(pre-pro-B) to Fr. B/C cells (early/late pro-B) (Figure
2). The lack of typical CD25" and CD43~ Fr. D (pre-BII)
cells (Figure 2) was consistent with a block before the
pre-BII cell stage.

In the spleens of mutant mice, the absolute number
of B220*IgM* B cells was reduced by 70% (Figure 1C).
Among the B cells, the number of follicular B2 cells
(CD23*CD21"") was reduced by 87% whereas the num-
ber of marginal zone (MZ) B cells (CD23~CD21"") was
slightly increased (Figure 3A and Figure 1C). This result
was consistent with the view that impaired early B-cell
development is associated with a disproportionate filling
of the MZ B-cell compartment (MARTIN and KEARNEY
2002). Interestingly, the proportions of follicular (FO),
MZ cells, and Bl cells (CD43*, CD23~, CD5%, and
CD11b") changed progressively with age (supplemental
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FIGURE 1.—Analysis of cellularity and T-cell phenotype in
lymphoid organs. (A) Total cell numbers of thymus and
spleen from mice aged 2-3 months. The data are means
*SD of four mice from each group. (B) Thymocytes were
stained with antibodies against CD4 and CD8 and analyzed
by FACS. The numbers are percentages of cells falling in each
quadrant. The data are representative of six mice analyzed.
(C) The absolute numbers of lymphocyte subsets in the
spleen of B6 and HLB368 mice. The data are means *£SD
of four mice from each group.

Figure 1S at http:/www.genetics.org/supplemental/).
The spleens of 18-month-old mutant mice had essentially
no FO or MZ B cells while the frequency of Bl-like cells
(CDh43", CD23-, CD5*, and CD11b™) increased dramat-
ically. This may be due to the selfreplenishing nature of
B1 cells and the diminished production of BM immature
B cells required to maintain the MZ and FO B-cell pools
in aged mice.
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Frcure 2.—FACS analysis of BM B cells. BM cells from B6
and HLB368 mice were stained with the indicated antibodies
to identify Hardy Fr. A to Fr. F subsets. The numbers are per-
centages of cells falling in each gate. The data are represen-
tative of four mice analyzed.

In the peritoneal cavity, the numbers of Bl cells,
including both the CD5* Blaand the CD5-CD11b" Blb
subsets, were relatively normal whereas those of CD23*
B2 cells were decreased in mutant mice (Figure 4, Aand
B). The reduction of B2 cells in the peritoneum was in
keeping with impaired follicular B2 cell development in
the spleen (Figure 3). Together, these analyses indi-
cated that the mutation had a profound impact on B-cell
development.

Splenic B cells of ENU mutant mice exhibit an
activated phenotype: To determine whether B-cell
lymphopenia is associated with peripheral B-cell activa-
tion, as previously reported (KitTaMURA et al 1992;
AGENES and Frerras 1999), splenic B cells were stained
with antibodies recognizing several activation markers
and analyzed by FACS. As shown in Figure 4C, splenic B
cells of mutant mice expressed higher levels of CD40,
CD80, CD86, and CD69 than those from normal mice.
The expression levels of MHC class II were comparable
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F1cure 3.—FACS analysis of spleen cells. Spleen cells from
B6 and HLB368 mice were stained with the indicated antibod-
ies and analyzed by FACS. (A) IgM, CD23, CD21, and CD43
expression on gated B cells. The numbers are percentages
of cells falling in each gate. FO, follicular; MZ, marginal zone.
(B) Staining patterns of granulocytes, macrophages, and nat-
ural killer (NK) cells. The numbers are percentages of cells
falling in each gate. The data are representative of four mice
analyzed. G, granulocytes; M, macrophages.

between mutant and normal B cells (data not shown).
These data suggested that the majority of splenic B cells
of mutant mice were activated, similar to that seen in
other mice with B-cell lymphopenia (KITAMURA et al.
1992; AGENES and FrREITAs 1999; CARVALHO et al. 2001).

Normal myeloid cell development in ENU mutant
mice: FACS analysis of myeloid cells in the spleen in-
dicated that the numbers of Gr1”CD11b"™ granulocytes,
Gr1™CD11b"™ macrophages, and NKI1.1"CD3CD11c™
NK cells were comparable between HLB368 and B6
mice (Figure 3B). These data indicated that the muta-
tion had no effect on the development of myeloid line-
age cells.
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F1GURE 4.—FACS analysis of B-cell development in the peri-
toneum and spleen. (A) Peritoneal cells from B6 and HLB368
mice were stained with antibodies against CD19, IgM, CD23,
CD5, and CD11b. The numbers are percentages of cells fall-
ing in each gate. Each subset is indicated. The data are rep-
resentative of five mice analyzed. (B) Absolute numbers of
peritoneal B-cell subsets. Data are means =SD of three mice
aged 2-3 months. (C) Splenic cells were stained and analyzed
by FACS to reveal activation marker expression. The cells are
gated on B220"IgM* B cells. Data are representative of three
mice from each group.

Identification of a point mutation in the II7 gene:
The HLB368 mutation was mapped to chromosome 3
between 2 and 18 cM. An analysis of genes lying within
this interval suggested /I7 as a candidate, as mice with
knockouts of this gene (VON FREEDEN-JEFFRY ef al. 1995;
RicH 1997) exhibited phenotypes similar to HLB368
(Table 1). Sequencing of /7 genomic and cDNA from
the mutant mice revealed a T-to-C exchange resulting in
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TABLE 1

Phenotypes of HLB368 and IL-7 knockout mice

549

Strains

HLB368

IL-7"/~ (vON FREEDEN-]JEFFERY el al. 1995)

IL-7-/~ (Ricu 1997)

Genomic clone

ES cells

Strain

Neo cassette
Thymus and spleen
LN

WBC

Cellularity

BM

Spleen

Thymus

B-cell development
Early

Late

T-cell development

Reference

NA

NA

B6

NA

Reduced in size and weight
Inguinal nodes only
Decreased

Normal
Reduced by 60%
Reduced by 90%

Blocked at Fr. A

to B/C transition
Decreased FO subset;

Bla and MZ B cells

are normal; splenic B

cells are CD43~ but express

activation markers.
Decreased in numbers;

the percentages of CD4

and CD8 cells are normal.
This study

129/8v

129P2/0laHsd

B6;129

+

Reduced in size and weight
One

Decreased

Normal
Reduced by 85%
Reduced by 95%

Blocked at Fr. C to D or Fr.
A to B/C transition
Decreased FO subset; Bla and
MZ B cells are normal; splenic
B cells express CD43 and
activation markers.

Decreased in numbers; the
percentages of CD4 and
CD8 cells are normal.

VON FREEDEN-JEFFRY et al. (1995);
CARVALHO et al. (2001)

129/Sv

129S6/SvEvTac

129; NIH Black Swiss

+

Reduced in size and weight
NR

NR

Decreased by 40%
Reduced by 70%
Reduced by 95%

NR

NR

Decreased in numbers;
the percentages of CD4
and CDS8 cells are normal.
Ricu (1997)

NA, not applicable; NR, not reported.

a substitution of Leu to Pro at amino acid 15 of the
leadersignal peptide (Figure 5). This mutation could be
predicted to impair IL-7 translocation through the
endomembrane system leading to failed secretion.
Exogenous IL-7 rescued pre-B-cell development
in vitro: Pro-B-cell survival and differentiation in vitro
requires IL-7 (reviewed in MILNE and Parce 2006). To
determine whether B-cell progenitors from mutant
mice can survive and differentiate in the presence of
exogenous IL-7, we cultured BM cells from HLB368 and
B6 mice with high concentrations of IL-7 for 6 days.
FACS analysis indicated that BM cells from mutant mice
gave rise to CD25™" pre-BII cells, which were not seen in

Mouse Chromosome 3

freshly isolated BM cells (Figure 6 and Figure 2). These
data suggested that exogenous IL-7 promoted the
development of earlier B-lineage cells of mutant mice.
This was in agreement with previous studies in which
injection of IL-7 into IL-77/~ mice induced B-cell
differentiation (WEI et al. 2000).

DISCUSSION

In this report, we describe a new mutant strain,
HLB368, recovered from an ENU-induced mutagene-
sis screen of B6 mice. We found that HLB368 mice
exhibited heritable leukopenia due to a T-to-C missense

1 H

B6
F 6 1 P P Ll " L Vv L L

HLB368 TTTGGAATTCCTCCACICGATCCTTGTTCTGCTGCCT

F G | P P P | L \ L L

I coding region D untranslated region

TTTGGAATTCCTCCACITGATCCTTGTTCTGCTGCCT

P

P

Ficure 5.—DNA sequence of 1{7. The highlight
indicates a T-to-C transition in the /7 gene. This
single-base-pair substitution caused a change in
amino acid 15 of the leader peptide sequence,
which would affect IL-7 translocation in the endo-
membrane system, leading to failed secretion.
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FiGure 6.—Enforced differentiation of mutant BM B-cell
progenitors by exogenous IL-7 in vitro. BM cells from B6
and HLB368 mice were cultured in the presence of 10 ng/
ml of IL-7 for 6 days. Cells were stained with antibodies to
IgM, CD25, and B220 and analyzed by FACS. The numbers
are percentages of cells falling in each gate. The data repre-
sent one of two independent experiments.

transition in the /7 gene that resulted in a Leu-to-Pro
change atamino acid 15 of the leader peptide. This could
cause the IL-7 protein to be retained intracellularly.
Despite many similarities between HLB368 and IL-7
null mice (Table 1), such as severe lymphopenia, im-
paired pro-B-cell development in the BM, and normal
development of MZ and B1 cells in the periphery, there
were inconsistencies between the two strains. First,
HLB368 mice have inguinal LN, albeit at a reduced size,
whereas IL-7/~ mice do not (VON FREEDEN-JEFFRY el al.
1995). Second, the stage at which B-cell differentiation
was blocked in HLB368 mice was shown to be at the
transition from Fr. A to B/C. Previous studies of a single
strain of //7knockout mice came to the same conclusion
(CArvALHO et al. 2001) or suggested that the arrest
occurred at a later stage, either between Fr. B/C and D
or between Fr. Cand C’ (VON FREEDEN-JEFFRY et al. 1995;
WEI et al. 2000). Third, when analyzed at a relatively
young age, only ~4% of splenic B cells of HLB368 mice
expressed CD43, whereas up to 20% of splenic B cells
in IL-7"/~ mice expressed high levels of CD43, a phe-
notype similar to that of B1 cells (CARVALHO et al. 2001).
The reasons for these discrepancies are unknown.
This could be due to differences in genetic background,
methods of analysis, and/or the effect of gene-targeting
events. For example, engineered strains harbor a linked
neomycin resistance gene (Neo’) used for selection of
engineered embryonic stem (ES) cells. Insertion of the
Neo” gene into different sites within the immunoglobu-

lin heavy chain locus has been found to result in
profound effects on expression of genes located as far
as 100 kb upstream of the insert (COGNE et al. 1994;
SEIDL et al. 1999; MANIS et al. 2003). Similar effects of the
Neo” gene were also found in other targeted deletion
models (FIERING et al. 1995; NaGcy 2000). However, the
single base mutation found in HLB368 would not be
expected to have such effects. Thus, the HLB368 strain
has clear advantages over engineered /l7 null strains for
cleanly determining the functions of IL-7.

Even though the splenic B cells of HLB368 mice were
CD43", they expressed high levels of activation markers.
Splenic T cells of HLB368 mice exhibited upregulation
of activation markers (data not shown). A similar
activation phenotype for B and T cells was also found
in IL-7~~ mice (CARVALHO et al. 2001). The mechanisms
responsible for lymphocyte activation in IL-7-deficient
mice are currently unknown, but the enriched MZ B
cells in HLB368 mice may account, at least partially, for
the activation phenotype of splenic B cells. MZ B cells are
a specialized population located outside the follicles of
the white pulp. Their origins are not well defined.
Antigens are likely a main driving force for MZ B-cell
development (WEN et al. 2005). Unlike resting follicular
B2 cells, MZ B cells are relatively large in size and have
many similarities with B1 cells (MARTIN and KEARNEY
2002). Their activation state and unique location at the
blood-lymphoid interface render them able to quickly
react to blood-borne pathogens (MARTIN et al. 2001).
This study and others (CARVALHO et al. 2001) support
the conclusion that the development of MZ B cells is
unlikely to be IL-7 dependent.

BI cells are another specialized subset of B cells that
are predominantly localized in the pleural and perito-
neal cavities of mice. Unlike follicular B2 cells, which are
generated from the BM throughout adult life, BI cells
are generated during fetal and neonatal development
and are maintained throughout life by self-renewal
(HarDY 2006). The relatively normal numbers of Bl
cells, including both Bla and B1b subsets in HLB368
mice, strongly indicate that the development of Bl cells
is IL-7 independent. A similar conclusion was reached
from studies of IL-7~/~ mice (CARVALHO et al. 2001).
These results differ from those obtained with studies of
IL-7Ra knockout mice, which showed that the numbers
of Bl cells were reduced (ERLANDSSON et al. 2004;
HESSLEIN ¢/ al. 2006). Because IL-7Ra is also a compo-
nent of the receptor for TSLP, a cytokine contributing
to B-cell development early in life (VOSSHENRICH et al.
2003), deficiency of IL-7Ra would be expected to abro-
gate the function of both IL-7 and TSLP and to induce
more severe defects in fetal B-cell development than
those observed in IL-7-deficient mice.

The point mutation affecting the leader peptide of
IL-7 may have abrogated secretion of the cytokine by
blocking its release from the endoplasmic reticulum. By
intracellular fluorescence staining and ELISA analysis



ENU-Induced Point Mutation in IL-7 551

using cultured BM stromal cells or freshly isolated BM
cells, we failed to detect an increase of intracellular IL-7
in HLB368 stromal cells compared with normal controls
(data not shown). This raises the possibility that the
mutant peptide may interfere with translation of IL-7
possibly through a feedback inhibition mechanism.
Further studies will be necessary to determine if this is
the case or if the defect lies simply in a failure to secrete
the protein. Nonetheless, the similarities between the
phenotypes of HLB368 mutant mice and mice with
a null mutation of IL7 indicate that the block to IL-7
expression in the mutants is complete.

In summary, the phenotype of HLB368 mice is con-
sistent with that of mice with a genetically engineered
null mutation of 1I7. Genetic analyses identified a point
mutation affecting the sequences of the leader peptide of
the 17 gene, resulting in a seemingly complete block in
IL-7 secretion. Thus, this new mutant on a pure C57BL/6
background should provide a valuable model for un-
derstanding the biology and functions of IL-7.
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