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Patients with Omenn syndrome (OS) have hypomorphic RAG mutations and develop varying manifes-
tations of severe combined immunodeficiency. It is not known which symptoms are caused directly by
the RAG mutations and which depend on other polymorphic genes. Our current understanding of OS is
limited by the lack of an animal model. In the present study, we identified a C57BL/10 mouse with a spon-
taneous mutation in, and reduced activity of, RAG1. Mice bred from this animal contained high numbers
of memory-phenotype T cells and experienced hepatosplenomegaly and eosinophilia, had oligoclonal T
cells, and demonstrated elevated levels of IgE, major symptoms of OS. Depletion of CD4* T cells in the
mice caused a reduction in their IgE levels. Hence these “memory mutant” mice are a model for human
OS; many symptoms of their disease were direct results of the Rag hypomorphism and some were caused

by malfunctions of their CD4* T cells.

Introduction

During lymphocyte development, B cell receptor (BCR) and TCR
genes are assembled in developing lymphocyte precursors by a pro-
cess known as V(D)J recombination, which is caused by activation
of the Ragl and Rag2 proteins (1-6). Disruption of Ragl or Rag2
blocks this recombination and leads to the complete absence of
mature B and T cells (7, 8). Mutations in humans that eliminate the
recombination activity of RAG1 or RAG2 lead to SCID (9). However,
SCID has several forms in humans, which are caused by defects in
different genes. For example, the autosomal-recessive genetic disor-
der Omenn syndrome (OS) is characterized by low levels of mature
B cells and normal to increased numbers of activated T cells and is
associated with erythroderma, eosinophilia, hepatosplenomegaly,
lymphadenopathy, and elevated serum IgE levels (10, 11). Patients
with this syndrome frequently suffer from alopecia, chronic diar-
rhea, failure to thrive, and recurrent infections; these symptoms
usually lead to death unless the OS is treated successfully by bone
marrow or cord blood stem cell transplantation (12).

Most OS patients have mutations in one of the RAG genes. These
mutations lead to the partial loss of recombination activity in pre-
cursor B and T cells and lowered production of these cells, the
latter of which may be the underlying defect causing the disease.
Thus, the distinction between patients with OS and those with
SCID but not OS may depend on the severity of the RAG muta-
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tion (13-15), with very severe mutations causing complete SCID
and partial defects in RAG activity leading to OS. However, the
symptoms of OS vary somewhat from patient to patient, and it is
unknown which consequences of the RAG mutation are direct and
which are indirect. Understanding of the disease has so far been
limited by the absence of a suitable animal model.

Here we report the characteristics of the memory mutant (MM)
strain of mice, which were found to have an unusually high per-
centage of memory-phenotype T cells. The phenotype of the MM
mouse was inherited in an autosomal-recessive manner, and MM
hematopoietic cells transmitted the phenotype. The MM pheno-
type was caused by a point mutation in Ragl, which decreased
its V(D)J recombination activity. T and B cell development in
MM mice was partially blocked at the step where Rag-mediated
rearrangement was required. The MM mice had many symptoms
in common with OS patients, including skin redness, hepato-
splenomegaly, eosinophilia, oligoclonal V3 usage in T cells, and
elevated serum IgE levels. This last characteristic, which is the
critical symptom for the differential diagnosis of OS versus SCID
patients, was alleviated in MM mice by depletion of their CD4*
T cells. In addition, CD4* T cells in MM mice expressed unusu-
ally high levels of cytokines and underwent homeostatic prolif-
eration, even without treatment to induce further lymphopenia.
However, while most OS patients develop symptoms of disease
early in life, the MM mice developed symptoms relatively late in
life. These symptoms might be accelerated in humans with OS
by interactions between the RAG mutations and environmental
factors or by other genetic polymorphisms. Thus, we conclude
that the MM mouse is a murine model of OS and that dysregu-
lated homeostatic proliferating CD4" T cells are involved in the
pathogenesis of this OS murine model.
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Discovery of a spontaneous mutant, the MM mouse, which carries a hypomorphic Rag mutation. (A) Bone marrow transplantation was performed
using bone marrow from wild-type or MM mice transplanted into lethally irradiated wild-type or MM hosts. The percentage of memory-pheno-
type CD8* T cells in PBLs was determined 3—4 months after transplantation. Numbers denote percentage of cells within the ranges indicated
by brackets. Results are mean and SD of 4 mice. The percentage of CD8+ T cells that were CD122"ish increased in the wild-type and MM mice
(P < 0.001) that received transplants of MM bone marrow. (B) Recombination activity of Rag1 from wild-type and MM mice. Results are mean
and SD of 6 experiments. The recombination activity of Rag1 decreased in MM mice (P < 0.001) and mice with Rag2 alone (i.e., no Rag1;
P =0.003) compared with wild-type mice. #P < 0.01, TP < 0.001 versus wild type.

Results

Discovery of a spontaneous mutant mouse carrying a hypomorphic Rag
mutation. During a routine analysis of the mechanisms underlying
memory-phenotype T cell development in vivo, we investigated the
percentage of memory-phenotype CD8* T cells in over 300 nor-
mal mice of various ages, obtained from The Jackson Laboratory.
We found a female C57BL/10 mouse with an abnormally high
percentage of memory-phenotype CD8" T cells (Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JCI30513DS1). The mutant mouse did not have any
detectable infections, was being maintained under specific patho-
gen-free conditions at the National Jewish Medical and Research
Center, appeared healthy, and was indistinguishable from her nor-
mal littermates by visual inspection. The F1 offspring from the
mutant mouse crossed with a wild-type C57BL/10 male mouse
had no unusual phenotypes. However, about 22%-23% of the F2
offspring from the F1 intercrosses had high percentages of mem-
ory-phenotype CD8" T cells. Therefore, we concluded that the
phenotype of this mouse, which we termed the MM mouse, was
inherited in an autosomal-recessive manner.

To determine whether the mutant phenotype of MM mice was
dependent on a defect in the precursor cells of the bone marrow or
on nonhematopoietic cells, we performed bone marrow transplan-
tations of all combinations of MM and wild-type C57BL/10 mice.
In the 2 groups of chimeric mice containing MM hematopoietic
cells, the number of memory-phenotype CD8* T cells increased
regardless of whether the nonhematopoietic cells had the muta-
tion (Figure 1A). These results indicated that the phenotype of the
CD8" T cells was dependent on the donor hematopoietic cells and
not on the nonhematopoietic cells in their environment.

In order to identify the mutation responsible for the phenotype
of the MM mice, we first performed a cytogenetic Giemsa-tryp-
sin-Leishman (GTL) banding analysis using activated T cells from
the MM mice. However, we observed no structural abnormalities
or variants (Supplemental Figure 2). Next, we outcrossed the MM
mouse with the NZB strain, and the F1 progeny were then inter-
crossed to produce F2 offspring with or without the CD8" T cell
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phenotype. PCR was performed using genomic DNA from the F2
mice with simple sequence length polymorphism (SSLP) markers.
We found that the locus carrying the mutation mapped to chro-
mosome 2. We then narrowed down the locus using other SSLP
markers for chromosome 2 and found the mutation to be between
D2Mit333 and D2Mit473 (data not shown). This locus contained
42 candidate genes, as shown in Supplemental Table 1.

We sequenced the full-length cDNAs from the 42 candidates
and found 1 nucleotide substitution in the Ragl gene of the MM
mouse. This point mutation changed an arginine to glutamine
at residue 972 in the core domain of the Ragl protein (Supple-
mental Figure 3).

We hypothesized that this point mutation was responsible for
the phenotype of the MM mice, because an amino acid substitu-
tion in the core domain of a Rag protein usually reduces its rear-
ranging activity. To test this hypothesis, we used an in vitro recom-
bination assay (6) and found that the mutant Rag from the MM
mice had weak recombination activity (about 12%) compared with
that from wild-type mice (Figure 1B). These results indicated that
the point mutation in the Ragl gene partially decreased the V(D)J]
recombination activity in the MM mice; moreover, they strongly
suggested that the MM mouse could be a model for OS, because
OS in humans is caused by reduced recombination activity of Rag
molecules (13-15). The Rag mutation might have also affected
Rag activity in the mice by reducing the stability of the protein.
To determine whether the levels of Ragl protein were reduced in
MM versus wild-type mice, we prepared lysates from CD4-CD8~
double-negative (DN) thymus cells and B220" bone marrow
cells from MM and wild-type mice. The amount of Ragl protein
per unit of cells was almost the same regardless of whether the
cells came from MM or wild-type mice (Supplemental Figure 4).
Therefore, we concluded that the Ragl mutation in MM mice did
not reduce the stability of the protein.

MM mice provide a murine model of OS. Rag-mediated rearrange-
ment is critical for the development of T and B cells (7, 8). There-
fore, it was important to determine whether the decreased Rag
activity in MM mice inhibited T and B cell development. Staining
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Figure 2

T and B cell development in MM mice is inhibited at receptor gene rearrangement stages. (A) The percentage of DN cells was higher (P = 0.03),
while the actual number of DN (P < 0.001), double-positive (DP; P = 0.003), CD4+ (P = 0.008), and CD8* (P < 0.001) thymocytes was lower, in MM

compared with wild-type mice. Numbers denote percentage of cells withi

n the indicated gates. (B) The percentage of DN3 cells was higher in MM

mice than in wild-type mice (P = 0.01), while the actual cell numbers were comparable. (C) The percentage (P < 0.001) and number (P = 0.02)
of B220'°"CD43+ cells was higher in MM than in wild-type mice. *P < 0.05, #¥P < 0.01, TP < 0.001 versus wild type.

of thymocytes showed that the percentage of CD4*CD8* double-
positive cells was markedly decreased, and that of CD4-CD8-
DN cells was significantly increased, in the MM versus wild-
type mice (Figure 2A). Thus T cell development in the MM
mice was partially blocked at the DN stage. Examination of the
frequency of different populations of DN cells in the thymi of
these mice revealed that the blockade occurred at the DN3 stage,
the stage at which Rag-mediated rearrangement of the TCR-f3
gene is required (Figure 2B). B cell development was also par-
tially blocked in the MM mice, again at the stage at which Rag is
first needed to act, in the CD43*B220™¢ fraction of pro-B cells
(Figure 2C); further development requires Rag-mediated rear-
rangement of the w heavy-chain gene.

It has previously been reported that OS patients have a
reduced number of B cells and normal to elevated numbers of
activated T cells in the periphery (10, 11). Consistent with these
reports, the percentage of IL-2 receptor f- and CD44-high
(IL-2RBhiehCD44high) memory-phenotype CD4* and CD8* T cells
and IL-2Ra*CD69* activated-phenotype CD4* T cells was high-
er than normal in the spleens of MM mice (Figure 3, A and B).
Conversely, the actual number of both CD4* and CD8"* T cells
was lower in MM than in wild-type mice (Figure 3B). In addition,
both the percentage and the actual number of IgM* B cells were
lower in the spleens and bone marrow of the MM mice than in
those of wild-type mice (Figure 3C). However, the percentage of
cells that were B220*IgM- (pre-B cells) in B220" cells was high in
1272
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the bone marrow of the MM mice (about 69% in controls and
about 92% in MM mice; Figure 3C). The spleens of MM mice had
a greater percentage of pre-B cells but a smaller percentage of
immature B cells than did the spleens of wild-type mice. To inves-
tigate whether the IgM* B cells detected in the spleens of MM
mice were oligoclonal, we performed spectratyping of IgM using
spleen cells. The results showed that some V,/558 and V,052 fam-
ily genes had restricted spectratypes, suggesting that they were
expressed in an oligoclonal manner (Figure 4A).

Consistent with the reduction in total T and B cell numbers, the
actual number of cells was significantly reduced in the spleens,
lymph nodes, and thymi of the MM mice, but not in the bone mar-
row (Figure 4B). The architecture of these organs in MM mice was
also abnormal. The white pulp in the spleen and lymphoid follicles
of lymph nodes was diffuse and contained fewer lymphocytes in
MM than in wild-type mice (Supplemental Figure 5). Examination
of thymi showed that the thymus medullae of MM mice were small
and, consequently, that most of the thymus in these mice was com-
posed of cortex (Supplemental Figure 5).

In order to determine how the properties of individual lym-
phocytes were affected in the MM mice, we evaluated the prolif-
eration of T and B cells from MM and wild-type mice after stim-
ulation with LPS for B cells or with anti-CD3 and anti-CD28 for
T cells. B cells from MM mice proliferated more vigorously than
did wild-type B cells in the absence of any added stimulus and
in response to low levels of LPS (Figure 4C). Only in the pres-
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Figure 3

T and B cell development
in MM mice is inhibited at
receptor gene rearrange-
ment stages. (A) The
memory/activated pheno-
type of CD4+ and CD8*
T cells in the spleen was
analyzed by FACS. Num-
bers denote percentage
of cells within the indi-
cated gates or bracketed
ranges. (B) The percent-
age and number of CD4+
(P <0.001 and P < 0.001,
respectively) and CD8+
(P =0.001 and P < 0.001,
respectively) T cells in
the spleen was lower
in MM than in wild-type
mice. The percentages of
CD8+CD69+ (P = 0.006),
CD8+CD25+ (P = 0.001),
CD8+CD44+ (P < 0.001),
CD8+CD122+ (P < 0.001)
and CD4+CD69+ (P =0.02),
CD4+CD25+ (P = 0.001),
CD4+CD44+ (P =0.02), and
CD8+CD122+ (P < 0.001)
cells were higher in MM
than in wild-type mice.
Data were calculated
using the FACS profiles
in A. (C) The percentage
and number of bone mar-
row B220+IgM- (P = 0.03
and P < 0.001, respec-
tively) and B220+*IgM+*
(P =0.01 and P = 0.02,
respectively) cells as well
as splenic B220+IgM+ cells
(P <0.001 and P = 0.002,
respectively) were lower in
MM mice than in wild-type
mice. *P < 0.05, *P < 0.01,
TP < 0.001 versus wild type.
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ence of high concentrations of LPS did the MM and wild-type B from wild-type controls (Figure 4, C and D). Similar abnormali-

cells respond equivalently (Figure 4C). The proliferation of MM
T cells was significantly reduced compared with that of T cells
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ties have been reported for T cells from OS patients; it has also
been demonstrated that the degrees of reduction in the T cell
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T and B cell development in MM mice is inhibited at receptor gene rearrangement stages. (A) Spectratypes of V,J558 and V,Q52 family genes
were performed using splenocytes from MM mice and C57BL/10 controls. Representative data are shown. (B) The number of cells in the MM
mouse lymph nodes (inguinal, axillaries, cervical, and mesenteric; P < 0.001), thymus (Thy; P = 0.005), and spleen (Spl; P < 0.001) than in those
of wild-type mice. Results are mean and SD of 5-6 mice (6—9 weeks old). (C and D) CD4+ and CD8* T cells were sorted from spleens and lymph
nodes of MM and control mice and stimulated by 10 ug/ml (C, top) and indicated concentrations of anti-CD3 and anti-CD28 (D). MTT assay
showed less T cell proliferation in MM than in wild-type cells (stimulated CD4+, P = 0.002; stimulated CD8*, P < 0.001; CD4+ and CD8+* at all
concentrations, P < 0.001). (C, bottom) B220+*CD19+ B cells were sorted from spleens of MM and control mice and stimulated by indicated con-
centrations of LPS. MTT assay showed more B cell proliferation in MM than in wild-type cells stimulated with 0 ug/ml LPS (P < 0.001) or 0.1 ug/ml

LPS (P = 0.001). *P < 0.01, 1P < 0.001 versus wild type.

responses from OS patients had variations from absent to nor-
mal compared with T cells from healthy volunteers (15-20).
Patients with OS have few B cells and low levels of serum Ig. To
find out how effectively antibodies can be raised in MM mice, we
immunized both MM and wild-type mice with thymus-dependent
(TD) or thymus-independent (TI) antigen (2,4-dinitrophenyl-
keyhole limpet hemocyanin [DNP-KLH] or 2,4,6-trinitrophenyl-
LPS [TNP-LPS], respectively; see Methods). The 2 types of mice
generated comparable levels of anti-DNP or anti-TNP antibod-
ies at all time points analyzed (Supplemental Figures 6 and 7).
We also assessed the percentages and numbers of splenic ger-
minal center B cells in MM and wild-type mice in the presence
and absence of antigen challenge by using their surface markers
(B220"IgM-IgD-GL-7*PNA*). Interestingly, in the resting state
prior to antigen challenge, MM mice had 6 times more germinal
1274
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center B cells than did wild-type controls (Supplemental Figure 8).
However, the percentage and actual number of germinal center
B cells barely increased in MM mice as a result of immunization
with the TD antigen, while immunization with the TD antigen
doubled the number of these cells in wild-type controls (Supple-
mental Figure 8). Thus MM mice were less B cell deficient than
are patients with OS, and the B cells in these mice can respond
appropriately to antigen and T cell help.

The major symptoms of OS are erythroderma, lymphadenopa-
thy, hepatosplenomegaly, hypereosinophilia, hypogammaglobu-
linemia, oligoclonal T cells, an elevated serum IgE level, and immu-
nodeficiency, although the symptoms vary somewhat from patient
to patient. To understand this disease better, it is important to
know which symptoms are the direct results of the Rag mutation.
We found that at all time points analyzed, MM mice had higher
Number S
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MM have high serum concentrations of IgE, IgM, 1gG, and IgA. (A-D) Sera from wild-type and MM mice of different ages were collected and
their IgE (A), IgM (B), 1gG (C), and IgA (D) concentrations were analyzed. Results are mean and SD of 15 mice. At all ages tested, the serum
concentration of IgE (4 wk, P = 0.04; 8 wk, P = 0.002; 16 wk, P = 0.03; >25 wk, P = 0.002), IgM (4 wk, P = 0.01; 8 wk, P = 0.002; 16 wk, P = 0.01;
>25 wk, P < 0.001), and IgG (4 wk, P = 0.02; 8 wk, P = 0.03; 16 wk, P = 0.02; >25 wk, P = 0.04) was higher in MM than in wild-type mice. (E)
Serum concentrations of IgG1, IgG2a, IgG2b, and IgG3 were also measured. Results are mean and SD of 30 mice. The serum concentrations

of IgG2a (P = 0.004) and IgG2b (P < 0.001) were higher in MM than in wild-type mice. *P < 0.05, #P < 0.01, 1P < 0.001 versus wild type.

serum levels not only of IgE (by more than 1,000-fold), but also of
IgG, IgM, IgG2a, and IgG2b, compared with controls (Figure 5,A-C
and E). However, the serum IgA levels were comparable between
wild-type and MM mice (Figure 5D).

MM mice had a significant elevation in the percentage of eosino-
phils (CCR3MghGr-1°v) in PBLs (Figure 6A). The skin of infant MM
mice was red compared with that of wild-type mice (Figure 6B),
although we did not observe infiltration of the skin by activated
T lymphocytes and eosinophils (Supplemental Figure 5), suggest-
ing increased vessel permeability in MM mice. We also observed
splenomegaly and hepatomegaly, but not lymphadenopathy, in
aged MM mice (Figure 6, C-F). There was significantly perturbed
TCRVP and TCRVa usage in the MM mice, as assessed by anti-
TCRV antibody or spectratyping analysis (Figure 6, G and H).
The results of these analyses suggested that the T cells in MM mice
were oligoclonal. Hematological analysis of the peripheral blood
of MM mice showed a reduction in the number of white blood
cells, especially lymphocytes, but not of other cell populations,
including red blood cells and platelets, compared with controls
(Supplemental Figure 9). Because all the symptoms described here
are also seen in OS patients, we conclude that the MM mice pro-
vide a novel animal model for OS.

The environment in MM mice promotes homeostatic expansion of T cells,
and MM T cells are involved in the production of high levels of IgE. There
were very few T cells in MM mice (Figure 3B). In other models, lym-
phopenia of this magnitude has been associated with spontaneous
proliferation on the part of the remaining T cells in the animals,
a process termed homeostatic proliferation. The proliferating T
cells also acquire activation markers and the ability to produce
some cytokines (21). This proliferation is though to be caused by
cytokines, such as IL-7 and interaction with MHC proteins and
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self peptides. To determine whether the environment in MM mice
allows homeostatic proliferation and thus perhaps causes the
activated phenotype of their T cells, CD4* and CD8" T cells from
C57BL/6 mice were purified, labeled with CFSE, and transferred
to 3-day-old neonatal and 8-week-old adult MM and wild-type
mice. Three weeks later, T cells were isolated from the mice and
analyzed for dilution of their CFSE label. Almost none of the T
cells transferred to wild-type mice had divided regardless of their
source. After transfer to MM mice, however, both MM and wild-
type T cells divided (Figure 7, A and B). This was true for transfers
to both neonatal and adult mice. These results suggest that the
lymphopenic environment in MM mice promotes homeostatic
expansion of T cells, which may cause their activated phenotype
and production of cytokines by the cells.

The clinical and immunological features of OS have been related
to an unbalanced expansion of the Th2 cell subset (12). In addi-
tion, we and others have previously shown that the homeostatic
proliferation of CD4* T cells is critical for the development of a
number of diseases, including autoimmunity (22, 23). We hypoth-
esized that the homeostatically proliferating CD4" T cells express
excess amounts of Th2 cytokines and play a role in the develop-
ment of symptoms observed in MM mice. The CD4" T cells of MM
mice produced large amounts of Th2 cytokines, including IL-4
and IL-6, compared with those of wild-type controls (Figure 7C).
Together with the increased expression of activation markers on
the CD4" T cells of MM mice (Figure 1), these results demonstrat-
ed that the homeostatic proliferating CD4* T cells in MM mice
were activated and produced large amounts of Th2 cytokines.
Moreover, we analyzed expression of activation markers and
cytokines in adoptively transferred T cells derived from wild-type
mice and found that even wild-type CD4" T cells transferred in
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Figure 6

MM mice have symptoms similar to those of OS patients. (A) The percentage of eosinophils (CCR3M"Gr-1low), as determined using PBLs of
wild-type and MM mice, was greater in MM than in wild-type mice. Results are mean and SD of 12 mice. (B) To examine the skin of wild-type
and MM mice, their abdominal hair was shaved. Panel shows the skin color of wild-type and MM mice, typical of more than 10 analyzed. (C—F)
Weights of the thymus (C), spleen (D), lymph nodes (E), and liver (F) at the indicated time points were higher in MM than in wild-type mice.
Results are mean and SD of more than 50 mice. (G) V usage by CD4+ and CD8* T cells in 8-week-old wild-type and MM mice was measured
by FACS analysis. Results are mean and SD of 5 mice. The percentage of V33+, V4+, Vp5.1+5.2+, V37+, VB10+, V12+, and VB13+* CD4+ cells
and of VB5.1+5.2+, VB7+, VB10+, VB12+, VB13+, and VB14+ CD8* cells was lower, while the percentage of VB6+, V38.1+8.2+, V38.3*, V9+, and
VB11+ CD4+ cells and of VB6+, VB8.1+8.2+, and VB11+ CD8* cells was higher, in MM compared with wild-type mice. (H) Spectratypes of Va
and V@ family genes were performed using splenocytes from MM mice and C57BL/10 controls. Representative data are shown. *P < 0.05,
#P < 0.01, TP < 0.001 versus wild type.

MM mice expressed high level of activation markers CD44 and To prove the importance of homeostatic proliferating CD4"* T
CD69 and Th2 cytokines IL-4 and IL-6 (Figure 7D), which indi-  cells in inducing symptoms in the MM mouse model of OS, we
cates that alymphopenic condition in MM mice activates normal  established double-mutant MM mice that lacked CD4 T cells.
CD4* T cells to express cytokines in vivo. We investigated the serum IgE level in these double mutants,
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Figure 7

Homeostatically proliferating CD4+ T cells express high amounts of Th2 cytokines and are involved in the hyper-IgE status of MM mice.
(A and B) CD4+ and CD8* T cells of the naive phenotype (CD44'°") from normal C57BL/10 mice were sorted, labeled with CFSE, and transferred
into nonirradiated wild-type and nonirradiated MM 3-day-old (A) and 8-week-old (B) mice. Homeostatic proliferation of CD4+ and CD8* cells in
the spleen and lymph nodes was investigated by FACS analysis and dilution of the CFSE label. Results are mean and SD of 6 mice. This ratio
of divided to nondivided cells was higher in MM than in wild-type mice both at 3 days (CD4+, P = 0.02; CD8*, P = 0.03) and at 8 weeks (CD4+,
P =0.01; CD8*, P = 0.02). (C) Intracellular cytokine staining was performed using the CD4+ T cells of 8-week-old wild-type and MM mice and
analyzed by FACS. Results are mean and SD of 10 mice. The percentage of cells positive for several cytokines was higher in MM than in wild-
type mice (IL-6, P = 0.009; IL-4, P = 0.03). (D) CD4+ T cells of the naive phenotype (CD44'%) from normal C57BL/6 SJL (CD45.1+) mice were
sorted (99% purity), labeled with CFSE, and transferred into nonirradiated MM mice 8 weeks after birth. Eight days after transfer, CFSE-CD45.1+
cells in the spleen and lymph nodes were investigated by FACS analysis for activation markers CD44 and CD69 and cytokines IL-6 and IL-4.
Numbers denote percentage of cells within the ranges indicated by brackets. *P < 0.05, *P < 0.01 versus wild type.

because this symptom is critical for the differential diagnosis of
OS from other causes of SCID. The levels of serum IgE in the dou-
ble-mutant CD4 KO mice were similar to those in normal mice
and substantially reduced compared with the single-mutant MM
mice (Figure 8). Double-mutant MM mice lacking IL-4, IL-6, and
CDA40 likewise had much lower levels of serum IgE than did single-
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mutant MM mice (Figure 8). Because we showed that the homeo-
static proliferating CD4" T cells in MM mice expressed high levels
of IL-4 and IL-6, and it was previously reported that CD40-CD40
ligand (CD40-CD40L) is a critical T cell-B cell signaling mecha-
nism for Ig expression (24, 25), these results strongly suggest that
T cell-B cell interactions via cytokines and adhesion molecules are
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Figure 8

CD4+T cells play a role in the hyper-IgE state in MM mice. MM mice were
crossed with CD4, CD40, IL-4, or IL-6 KO mice to obtain double-mutant
CD4, CDA40, IL-4, and IL-6 KO MM mice (KOMM), and the serum con-
centration of IgE in these double-mutant mice was determined. Results
are mean and SD of 4 mice. The concentration of IgE in the serum
was decreased in the double-mutant mice compared with MM mice
(CD4KOMM, P = 0.006; CD40KOMM, P < 0.001; IL-4KOMM, P < 0.001;
and IL-6KOMM, P < 0.001). #P < 0.01, P < 0.001 versus wild type.

involved in the upregulation of serum IgE concentration in MM
mice. Together, these results suggest that the homeostatically pro-
liferating CD4" T cells that express excess cytokines are critical for
the induction of the hyper-IgE state in MM mice and, by extension,
contribute to the symptoms of OS.

Discussion
Here we describe the identification and characterization of an
apparently spontaneous mutation in the gene coding for Ragl in
astock C57BL/10 mouse from The Jackson Laboratory. We origi-
nally identified 1 female C57BL/10 mouse carrying an abnormally
high percentage of memory-phenotype CD8" T cells and named it
the MM mouse. We observed that the levels of both T and B cells
were lower in MM than in wild-type mice and that its primary
mutation affected a step in which rearrangement is critical for the
maturation of T and B cells.

The mutation in the MM mouse turned out to be a point muta-
tion (G to A) in the Ragl gene and led to an amino acid change
from arginine to glutamine at residue 972 in the core domain of
the Ragl molecule. The core domain of Ragl has been defined as
the minimal region required for its recombination activity (26, 27).
Here we demonstrated that mouse Ragl expressing the MM muta-
tion had about 12% the Rag1 activity of the wild-type enzyme. The
molecular mechanism of reduced Rag1 activity in MM mice might
be explained by the previously published results of Roth and col-
leagues (28). They prepared a mutant Ragl with an amino acid
substitution at the R972 residue and demonstrated that Rag com-
plexes carrying the mutant Ragl molecules nicked DNA at wild-
type levels but were severely impaired in their ability to catalyze
DNA hairpin formation (14% of wild-type level). Therefore, it is
reasonable to postulate that the mutant Ragl molecules in MM
mice have similarly reduced activity in the same function.

Interestingly, a change in human Rag1 identical to that of MM
mice, of arginine to glutamine at position 975, has been reported
in 1 allele of a patient with OS (15). In this patient the other allele
of Ragl was rendered relatively nonfunctional by a mutation lead-
ing to the change R396L (15). This patient had clinical features
1278
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typical of OS (erythroderma, skin rash, pneumonia, lymphade-
nopathy, hepatomegaly, splenomegaly, and protracted diarrhea)
and also expressed typical immunological phenotypes of the syn-
drome (decreased numbers of lymphocytes, increased numbers of
eosinophils, and elevated serum IgE) (15). Some of these clinical
features and immunological phenotypes are very similar to those
in the MM mice. Thus, we believe that the MM mouse provides a
novel animal model of human OS.

The MM mouse model allowed us to demonstrate — for the first
time to our knowledge — that the skin redness, hepatomegaly, sple-
nomegaly, decreased number of lymphocytes, increased number of
eosinophils, and elevated serum IgE, all of which are characteristic
of OS in humans, were dependent on the Rag mutation and not on
other genetic factors. Additionally, we hypothesize that the other
phenotypes observed in the patient described above, but not in the
MM mice (e.g., pneumonia, lymphadenopathy, protracted diar-
rhea, and the T cell pool expansion associated with organomegaly,
skin, and gut infiltration), are induced by other factors such as
infection, genetic predisposition, or environmental factors.

It has well been established that in humans the same RAG muta-
tions may lead to different symptoms, T-B- SCID or OS, and
that this variability may even be observed within the same family
(15,17, 29). These observations strongly suggest that the phenotyp-
ic manifestations of OS reflect the interaction between genetic and
environmental factors. However, it should be noted that although
they are specific pathogen-free, there is some variation in the phe-
notypes of the MM mice, even amongst those housed together
(Supplemental Figure 10). Therefore, either there are unsuspected
variations in the environment of our mice, or stochastic factors
such as the specificities for antigen of the B and/or T cells that
expand oligoclonally in these mice also affect the phenotype of this
disease. Further studies are required to evaluate this possibility.

Eighty percent of patients with OS, as reported by Alleman et al.
(12), and a majority of patients with OS (more than 80%, including
the patient described above), as reported by Villa et al. (15), had
low levels of IgM or/and IgG in their sera compared with normal
individuals. However, MM mice have higher than normal levels of
these antibody isotypes. We do not know why these levels would
differ between humans and mice with essentially the same genetic
deficiency. It might be due to the fact that we are studying a par-
ticular point mutation in Rag, which differs from the mutations in
almost all human OS patients. In this regard it is worth noting that
the residual V(D)J activity of the Ragl mutant protein in MM mice
is higher, at 12% of control, than that observed in most patients
with OS. Perhaps this allows the generation of enough B cells to
fill up the peripheral pool and provide normal or higher levels of
serum Ig. On the other hand, the difference in Ig levels between
MM mice and patients with OS may be a result of their different
environments (specific pathogen-free versus conventional) or of
some species-specific adaptation to the RAG mutation. Further
studies are needed to resolve this discrepancy.

OS and the MM mice are characterized by high levels of IgE.
These high levels are probably responsible for many manifesta-
tions of the disease. The high levels of IgE could be caused either
by some direct effect of RAG1 insufficiency on B cells, or indi-
rectly, via an effect on low RAG1 activity on T cells. Of these 2
hypotheses, our present results support the latter: serum IgE
did not rise above the levels observed in normal mice when the
MM mice lacked IL-4, CD40, or IL-6. All of these factors, 2 of
which are T cell dependent, have been shown to be critical for
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the development of Ig-secreting cells (24, 25, 30, 31). In normal
mice, homeostatic proliferation is manifest only during the neo-
natal period, when thymus-derived naive T cells first migrate into
the lymphopenic peripheral environment (32). However, we and
others have previously demonstrated that dysregulated homeo-
static proliferation of CD4" T cells can play a role in the develop-
ment of autoimmune diseases and that homeostatically prolif-
erating CD4" T cells produce factors that are critical for their
development (22, 23). Homeostatic proliferation of CD4" T cells
(MM CD4* or wild-type CD4" T cells, regardless of their source)
was enhanced in the MM mice compared with controls, even
without induction of lymphopenic conditions, and the CD4*
T cells in the MM mice expressed more Th2 cytokines than did
those of wild-type mice. Taking all these data together, we suggest
that the relatively lymphopenic environment of MM mice allows
uncontrolled homeostatic proliferation of T cells that would be
under tighter control in normal mice. In turn, the aberrantly pro-
liferating cells differentiate to Th2 cells, perhaps via a default
pathway, and produce abnormally high levels of Th2 cytokines,
thus leading to downstream production of IgE and other mani-
festations of OS. This scenario probably also applies to human
patients with OS. Thus, as has previously been suggested (33),
OS is caused by mutations in RAG that lead to marginal activity
of the enzyme, and the differences between the symptoms of OS
and SCID are caused by low production of CD4 T cells in patients
with the former disease, versus complete absence of CD4 T cells
in patients with the latter. In support of this idea, it should be
noted that OS has also been seen in humans with hypomorphic
mutations in other genes, including Artemis (34), RMRP (35), and
IL-7Ro. chain (36), as well as in patients with atypical DiGeorge
syndrome (37). All of these mutations cause lymphopenia and
thus support our idea that OS is caused at least in part by a lym-
phopenia condition that is able to enhance dysregulated homeo-
static proliferation of CD4* T cells.

In summary, we have discovered what we believe to be a novel
mouse model of OS, the MM mouse. MM mice have a mutation
in the core region of the Ragl protein. Using this OS model, we
demonstrated that erythroderma, hepatosplenomegaly, hype-
reosinophilia, elevated serum IgE levels, excess activated CD4*
T cells, and oligoclonal VP usage of T cells were a direct con-
sequence of the Rag mutation. Moreover, we showed that the
CD4" T cells of the MM mice were homeostatically proliferating,
expressed high levels of Th2 cytokines, and were involved in the
development of the hyper-IgE state, a critical symptom in the
differential diagnosis of OS versus SCID patients. Thus, we con-
clude that dysregulated homeostatic proliferating CD4* T cells
are involved in the pathogenesis of OS.

Methods

Mice. C57BL/6, C57BL/10, BALB/c, and NZB mice were purchased from
The Jackson Laboratory and Japan SLC. We obtained CD4 KO (38) and
IL-4 KO (39) mice from The Jackson Laboratory, IL-6 KO (40) mice from
Y. Iwakura (University of Tokyo, Tokyo, Japan), and CD40 KO (41) mice
from H. Kikutani (Osaka University). Mice were maintained in the animal
facilities of the National Jewish Medical and Research Center and Osaka
University under specific pathogen-free conditions. Animal experiments
were approved by the Institutional Animal Care and Use Committees of
the National Jewish Medical and Research Center and by the Graduate
School of Frontier Biosciences and the Graduate School of Medicine of
Osaka University. Most of the mice used were 5-8 weeks old.
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Antibodies and reagents. The following allophycocyanin-conjugated (APC-
conjugated) mAbs were used: anti-CD4 (BioLegend); anti-CD8 and anti-
CD19 (BD); and anti-TCRf and anti-IgM (eBioscience). The following
FITC-conjugated mAbs were used: anti-CD4, anti-CD8, and anti-CD11c
(BioLegend); anti-Gr-1, anti-CD11b, anti-B220, and anti-IgM (eBioscience);
anti-NK1.1 and anti-GL-7 (BD); and anti-CD69 (CALTAG). The follow-
ing PE-conjugated mAbs were used: anti-CD4, anti-CD8, anti-CD44,
anti-CD122, anti-CD11c, anti-CD11b, and anti-IgD (eBioscience); anti-
CD2S5 (CALTAG); anti-CCR3 (R&D Systems); and anti-CD43, anti-B220,
anti-NK1.1, anti-TCR-f, anti-TCR-y9, anti-IL-4, anti-IL-6, anti-IL-10,
anti-IL-2Ra, anti-IgG1, and anti-IgM (BD). The following Cy5-conjugated
mAbs were used: anti-CD44 and anti-B220 (BD); anti-CD11c, anti-CDS8,
anti-IL-2Rp, and anti-CD19 (eBioscience); and anti-CD11b and anti-CD69
(BioLegend). The remaining mAbs used were as follows: Tri-color-conju-
gated anti-B220 (CALTAG); biotin-conjugated anti-PNA (Honen Corpora-
tion-Japan); and streptavidin-APC (BioLegend).

Fluorescence-activated cell sorter analysis. Thymocytes, splenocytes, and bone
marrow cells were prepared and incubated with fluorescent-conjugated
antibodies (for specific staining and dump staining). Fluorescence-acti-
vated cell sorter (FACS) analysis was performed on a FACSCalibur (BD) or
a CyAn flow cytometer (DakoCytomation).

Hematological analysis. The PBLs of each mouse were collected and ana-
lyzed for the total number of red blood cells, white blood cells, plate-
lets, and lymphocytes by the Research Institute for Microbial Diseases
of Osaka University.

Bone marrow transplantation. Bone marrow transplantation was performed
as described previously (23) using MM and wild-type mice.

Chromosome mapping. MM mice were crossed with NZB mice and inter-
crossed to produce F2 offspring. Genomic DNA was isolated from their liv-
ers. For the first screening, DNA pooled from 10-12 phenotype-positive or
-negative F2 offspring was prepared. The inherited C57BL/10 regions were
mapped with microsatellite markers that have been previously described to
be polymorphic between C57BL/10 and NZB (42-45). After chromosome
2 was identified as containing the mutation, we performed the second
screening using nonpooled DNA.

Expression vectors. Wild-type Ragl (M6) or Rag2 (MR2) cDNA (46) (gener-
ous gifts from D.G. Schatz, Yale University, New Haven, Connecticut, USA)
was subcloned into a modified pEF-BOS vector (47). Mutant Ragl was
amplified by PCR from the mutant mice and introduced into a pEF-BOS-EX
expression vector (pBOS-Rag1). The fidelity of the PCR and subcloning
was confirmed by DNA sequencing.

In vitro recombination assay. To measure the catalytic activity of the mutant
protein, transient expression of the recombination activity was determined
by a modified assay that was described previously (6, 46).

ELISA. Serum antibody titers were determined by ELISA for IgE (BD); IgA,
IgM, and IgG (Zymed Laboratories); and IgG (Southern Biotechnology).

Cell preparation and sorting. The lymph nodes and spleens from MM and
wild-type mice were harvested, and CD4*CD44!* and CD8*CD44!¥ T cells
were purified using a MoFlo cell sorter (DakoCytomation). The purity of
the CD4" and CD8" T cells was consistently greater than 98%.

Homeostatic proliferation assay. CD44'°% T cells were labeled with CFSE
(Invitrogen) and injected i.p. (5 x 10° cells) into 3-day-old neonatal or i.v.
(3 x 10° cells) into 8-week-old adult wild-type and MM mice. The recipients
were sacrificed for analysis 21 days after injection.

Cytokine intracellular staining. The T cell-enriched fractions from lymph
nodes and spleens were stimulated with anti-CD3 and anti-CD28 in
the presence of Golgi-Stop (BD Biosciences) for 5 hours, stained with
anti-CD4 or anti-TCR-f, and fixed and permeabilized using BD Cyto-
fix/Cytoperm (BD Biosciences), followed by anti-IL-4, anti-IL-6, or
anti-IL-10 staining.
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Western blotting. Nuclear fractions of the sorted cell populations were pre-
pared byakit (Sigma-Aldrich). The nuclear fractions were resolved by 10%-20%
SDS-PAGE, and the protein fraction was applied on Western blotting
analysis with anti-mouse Ragl antibody (Santa Cruz Biotechnology Inc.)
plus HRP-conjugated secondary antibody (Zymed Laboratories) and visu-
alized by ECL (Amersham).

In vitro proliferation assay. For in vitro proliferation assay of T cells, CD4*
and CD8" T cells of MM and wild-type mice were sorted and cultured in
the presence or absence of anti-CD3 and anti-CD28 mAbs (BD). Anti-CD3
and anti-CD28 mAbs (both at 0.625, 1.25, 2.5, 5, or 10 ug/ml) were coated
at 37°C for 3 hours, and the resulting plates were washed with PBS twice.
The resulting cells were plated in anti-CD3-coated 96-well plates at a con-
centration of 1 x 10° cells/well in RPMI-1640 medium supplemented with
10% FCS. For B cells, B220°*CD19* B cells of MM and wild-type mice were
sorted and cultured in the presence or absence of LPS (Sigma-Aldrich).
Two days later, 20 ul of 5 mg/ml 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) in PBS were added to each well. After
4 hours at 37°C, cell proliferation was measured by MTT assay.

Pathological examination. Thymi, spleens, livers, skin, and intestines of
both wild-type and MM mice were fixed with 10% paraformaldehyde in
normal saline buffer overnight. After the paraformaldehyde was replaced
with PBS, the fixed organs were dehydrated with a serial dilution of alco-
hol, embedded in paraffin wax, subjected to section, and stained with H&E.
Slides were examined pathologically under a microscope.

In vivo immunization of TD and TI antigens. To examine the TI responses,
8-week-old MM and wild-type mice were injected i.p. with 50 ug TNP-LPS
(prepared in this laboratory). For the TD responses, the mice were i.p.
injected with 100 ug DNP-KLH (LSL) precipitated with 4 mg alum (LSL),
assigned as day 0, and were boosted with 20 ug of DNP-KLH in saline on
day 21. Blood was taken through the retroorbital plexus every 7 days, and
antibody production was determined by ELISA.

Analysis of germinal center B cells. TD antigen-immunized or control MM and
wild-type mice were sacrificed on day 28 after the treatment, and splenocytes
were prepared and subjected to FACS analysis for germinal center B cells.

Oligonucleotides. For IgM spectratyping, oligonucleotides specific for murine
V558 and V,052 (as variable region) and the 2 5'-FAM-labeled Ji, runoft prim-
ers has been described previously (48, 49). For immunoscope analysis of TCR,
oligonucleotides specific for murine Voo and VB and the 2 5'-FAM-labeled-
C gene (Vo.and VB) runoff primers has been previously described (50).

Spectratyping. Total RNA from spleens of wild-type and MM mice were
extracted using RNeasy Mini Kit (QIAGEN) and subjected for cDNA syn-
thesis using M-MLV reverse transcriptase kit (Sigma-Aldrich). For IgM

spectratyping, PCR and runoff reactions were performed as previously
described (48, 49). For TCR spectratyping, PCR and runoff reactions were
performed as previously described (50). Briefly, PCR reactions with spe-
cific Vj and IgM primers or Vo or VB with C gene primers were performed,
and the PCR products were visualized on a 1.5% agarose gel with ethid-
ium bromide before using 2 or 5 ul of the PCR products for runoff elon-
gations with the fluorescent J, primers for IgM or the fluorescent C gene
primer for TCR, respectively. The elongation products (2 ul), together
with 0.5 ul of GeneScan lane standard (400HD ROX; Applied Biosys-
tems), were loaded onto automated DNA sequencer (model 301; Applied
Biosystems). Size determination and CDR3 size analysis were performed
using the GeneScan software package (version 3.1; Applied Biosystems).
Statistics. Student’s ¢ test (2-tailed) was used for the statistical testing
between 2 groups. A P value less than 0.05 was considered significant.
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