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Summary

We describe the spontanecus development of inflam-
matory bowel disease (IBD) in several immunodefi-
cient mouse strains created via gene targeting in em-
bryonic stem cells. Chronic colitis was observed in T
cell receptor (TCR) o mutant, TCR f mutant, TCRp x &
double mutant, or class Il major histocompatibility
complex (MHC) mutant mice, but not in recombina-
tion-activating gene RAG-1 mutant mice or nude mice
kept in the same specific pathogen-free animal facility.
This clinical pattern suggests that the disease requires
the presence of B lymphocytes and the absence of
class |l MHC-restricted CD4* af T cells. IBD in the
mutant mice has some of the features of the human
disease ulcerative colitis. Based on these results, we
suggest that dysfunction of the mucosal immune sys-
tem may underly the pathogenesis of some types of
IBD in humans.

Introduction

In the past few years, there has been great progress in
our understanding of the development and function of af
T cells, but much less is known about v T cells. In an
effort to understand differential functions of aff and v6 T
cells in vivo and to investigate their possible interactions
during thymic and peripheral development, we have cre-
ated several strains of mutant mice by targeting T cell
receptor (TCR) genes in embryonic stem cells. Mice with
& mutation at the TCR a or TCR B locus (TCR a or TCR
B mutant mice) are selectively deficientin af T cells (Mom-
baerts et al., 1991, 1992a), and, conversely, mice with a
mutation at the TCR & locus (TCR & mutant mice) are

selectively deficient in v& T cells (tohara et al., 1993}.Ey
crossing TCR B mutant mice with TCR & mutant mice,
we generated TCR [ x & double mutant mice, which are
deficient both in af and y& T cells (Mombaerts m}l..
1992a). By mutating the recombination-activating gene
RAG-1 (Schatz et al., 1989), we produced mice totally defi-
cient in mature T and B lymphocytes (Mombaerts E;T;L
1892h).

We have previously concluded that af and v& thym (=
development occur in a mutually independent fashion
(Mombaerts etal., 1992a; Itohara et al., 1993). Our prelimi-
nary analyses of the peripheral lymphoid systems of|the
various mutant mice suggest that functional af T gells
develop apparently normally in the absence of v5 T gells
{ltohara et al., 1983) and that v3 T cells are present in the
peripheral lymphoid organs of aff T cell-deficient q‘:ice
(Mombaerts et al., 1992a). v& T cells may have unique
regulatory functions during certain immune respon: 35 in
vivo (Mombaerts et al., 1993).

In this paper, we document the spontaneous devdlop-
ment of inflammatory bowel disease (IBD) with age in TCR
a, TCR [, or TCR B x & mutant mice, as well as in micewith
a mutation in the class |l major histocompatibility complex
(MHC) AR gene (Grusby et al., 1991). No such disease
was found in wild-type mice, TCR & mutant mice, RAG-T
mutant mice, nude mice, or mice homozygous for the
lymphoproliferative disease (jpr) mutation. All these
strains were housed during the same period in the game
colony. There was no evidence of the involvement of an
infectious pathogen. The macroscopic and histological
teatures of IBD in the mutant mice resemble those gf the
human disease ulcerative colitis (UC). Thus, TCRH mutant
mice may provide a useful small animal model for this
human disease whose etiology and pathogenesis arg not
well understood (Podolsky, 1991a. 1991b). We suggest
that the pathogenesis of UC in humans may be attributed
to dysfunction of the mucosal immune system, such as
lack of aff T cell-mediated suppression of B cells.

Results ‘

Intestinal Disease in ap T Cell-Deficient Mice

Over a period of 2 years, we noticed that many TICR a
mutant or TCR B mutant mice showed signs of ill health.
After a disease-free period of at least 3-4 months during
which they wera indistinguishable from their wild-type or
heterozygous litermates, they gradually developed chronic
diarrhea, leading to a progressive wasting syndrome often
associated with anorectal prolapse. Figure 1A sh a
typical example of a mouse with terminal stage digease.
Mortality was substantial after & months of age, and few
mutant mice survived beyond 1 year. In sharp coptrast,
RAG-7 mutant mice, which were of the same mixed genatic
background and were bred and housed in the same two
rooms as the aff T cell-deficient mice, did not sho { these
clinical signs and symptoms. This fact suggestaH to us
that the disease of the af T cell-deficient mice was not
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the result of an infection in the colony or of an intolerance
to the autoclaved food: if this were the case, it seemead
paradoxical that RAG-7 mutant mice, having neither B or
T lymphocytes, would be in better health than af T cell-
deficient mice. Although RAG-1 mutant mice also rarely
survived more than 1 year, they did not have diarrhea but
suffered at old age from other diseases, such as Pneumo-
cystis carinii pneumonia and thoracic or abdominal ab-
scesses. Of approximately 1000 RAG-1 mutant mice, only
a few had diarrhea or anorectal prolapse, whereas at least
one third of approximately 3000 af T cell-deficient mice
had diarrhea, frequently associated with prolapse.
Macroscopic examination of diseased TCR a or TCR B
mutant mice revealed a marked dilatation and thickening
of the rectum and colon, extending continuously up to
the cecum. In severe cases, the entire large bowel was
affected and markedly shortened (Figure 1B). In milder
cases, only the rectum or terminal colon was affected,
sometimes with a sharp boundary of macroscopically dis-
eased bowel adjacent to normal bowel. The small intes-
tine, including the terminal ileum, appeared grossly nor-
mal. The mesenteric lymph nodes were always enlarged,
but there was no consistent splenomegaly. The contents
of the colon and rectum were loose, in contrast with the
more solid, often beaded appearance of the feces in wild-
type or AAG-T mutant mice. There was no obvious ulcer-
ation of the mucosa, and blood was not seen in the stools.

IBD Resembling UC

Transverse sections of rectum illustrate the marked thick-
ening of the wall (Figures 1C and 1D). The lesions were
invariably more severe in the rectum than in the proximal
parts of the large intestine. The crypts were elongated and
showed evidence of proliferation. In severe cases there
was distortion of the erypts, including branching and cystic
dilations. A characteristic feature was the pronounced
depletion of the mucin-producing goblet cells (Figures 1E
and 1F). Occasionally, crypt abscesses (crypts containing

Figure 1. IBD in aff T Cell-Deficient Mice

a neutrophilic infiltrate) were identified (Figure 1G){ A
mixed inflammatory cell infiltrate, consisting of lympho-
cytes, plasma cells, and neutrophilic granulocytes, was
present in the lamina propria (Figure 1H) and in severe
cases extended into the muscularis mucosae or even ipto
the submucosa. The outer muscle [ayers were not al d
by inflammation. The nature of the lymphocytes in the
lamina propria was identified immunohistochemically in a
few selected cases. The number of v8 T cells was markgdly
increased (in 2 normal large intestine, only a few scatt
v& T cells can be found), and there were many immuno-
globulin M (IgM}-, laG-, or IgA-positive B cells (Figures
11 and 1J). Mucosal ulcerations were rare. There was no
evidence of granuloma formation, fibrosis, or transmuyral
fissures. Overall, the macroscopic and histological fea-
tures of this disease were more reminiscent of the human
IBD UC rather than of the other major human IBD, Crohn's
disease. Moticeable differences, however, are the ab-
sence of marked mucosal ulcerations and of blood in the
stools.
An obvious cause for IBD, which we ruled out, is|the
presence of a pathogenic microorganism in the colgny.
The mice were kept in specific pathogen-free conditions
(see Experimental Procedures for definition) in two dedi-
cated rooms, were given autoclaved food and water, and
were handled, apart from one animal care taker, by pnly
one of us (P. M.). Routine examination of sentinel mice
as part of the general surveillance program did not reveal
the presence of a microorganism known to be path
for mice. In addition, several immunodeficient mice

by infection with a specific pathogenic microorganis
remains possible that an unidentified opportunistic
organism is the cause. We do not rule out the po

ease (see Discussion).

1
|

{A) TCR o mutant mouse (10 months old) with terminal IBD. The mouse has a wasted appearance and a large ancrectal prolapse.

from & {1225y = C3H)F2 background and a 7-month-old immunocompetent (TCR & heterozygous) mouse (top). Across the bottom is

ruler,

shown in centimeters. The large intestine of the mutant mouse is dilated and shortened, and the wall is thickengd,

(C) Transverse section of the rectum of a 12-menth-old TCA o heterozygous mouse. Routine histology was performed: fixing with fofmalin,
embedding in parafin, and staining with hematoxylin and 2osin. The wall is thin; the mucosa forms broad folds called haustrae. The mucin-confaining
goblet cells in the epithelium become translucent during this histological procedure. Objective, 1x.

(D) Transverse section of the recturn of a 12-month-old TCR @ mutant mouse. The diameter of the rectum is much larger than the normal fectum
in {C); the wall is thickened, and the folds have disappeared. Objective, 1x.

(B) Gross phatographs of dissected large intestine (to the right) and terminal leum (to the left) of a 7-month-old TCR o mutant mouse [tnm}

(E) Moderate disease. Objective, 10x .

{F) Severe disease. Same mouse as in (0. The crypts are elongated, the goblet cells are mostly gone, and there is an inflammatory cell infiltrate

in the lamina propria. Objective, 10x,

{3) Crypt abscess. A collection of neutrophilic granulocytes can be seen inside the lumen of & crypt at the fop left corner, Objective, 20

(H) Mixed inflammatory cell infilirate in the lamina propria: neutrophilic granulocytes (multilobular nucleus), lymphocytes {round nucleus and little
cyloplasm), and plasma cells (round, cartwheellike nucleus and more cytoplasm than in lymphocytes). Objective, 20x .

{1y Immunoperoxidase staining with an antibody against TCR & of the colon of 2 6-month-old TCR o mutant mouse with 1BD. Whereas wild-type
large intesting or nondiseased large intestine of afi T cell-deficient mice contain very few scatterad +& T cells (data not shown), there is a marked
influx of v& T cells in the large intestine of diseased mice. Objective, 40 x .

{J) Immunoperoxidass staining of the colon of the same mouse as in (I}, with an antibody against IgA. Objective, 40x .
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Figura 2. Presence and Severity of IBD in Various Strains of Mutant
Mice

Severity of 1BD is indicated with four symbols, as explained at the
bottorm of the figure. The age, rounded to the nearest month, 5 indi-
cated on the vertical axis. The genetic background is indicated on the
horizontal axis. For wild-type mice (WT), a variety of mice heterozygous
or wild type for & TCR or RAG-1 mutation were used; the genetic
background includes any of the indicated backgrounds of TCR mutant
mice. TCR & mutant mice were either (12/0la = BALB/c) or {129/
Qla x C5TBLG). Nude mice were aither C5TBLS or BALB/c. lor mice
ware C57BL/S. N1 means backcross one. Date of birth is between
July 1281 and January 1923; date of analysis is between September
1982 and May 1993, Groups indicated with an asterisk represent types
of mice, of which virually all the mice available were used for the
purpose of analyzing IBD, except for an cccasional mouse who died
spontansously. Several mice with ancrectal prolapse did not have any
signs of IBD. Focally ulcerative lasions were observed in the rectum
of a few RAG-T mutant mice; they are most likely due to anorectal
prolapse, which has often been observed to be transisni.

Presence or Absence of IBD in Various

Mutant Mice

After an initial analysis of selected cases, we decided to
increase the number of mice and to include other strains
of mice bred and maintained in the same rooms. This study
was performed retrospectively: most af T cell-deficiant
mice were selected on the basis of diarrhea, anoractal
prolapse, poor general health, or all three, whereas for
the other strains of mice, age of the mouse, poor general
health, or both were criteria for selection. Overall, most
of the aging mice that did not die spontaneocusly were

included in the analysis; therefore, the bias of this retro-
spective study is limited.

Figure 2 lists the presence or absence of IBD in 224
mice, scored histopathologically, 1BD was found not only
in TCR o or TCR B mutant mice, but also in TCR Bx &
double mutant mice, class Il MHC mutant mice, TCR
o % class || MHC double mutant mice, and TCR B x class
Il MHC double mutant mice. Equally important are the
strains of mice in which no IBD was detected: wild-type
mice, TCR & mutant mice, RAG-7 mutant mice, nude mice,
and fpr mutant mice. A possible contribution of the genetic
background is suggested by the variation in severity of
IBD in a limited number of TCR o mutant mice of various
backgrounds. The incidence and severity of IBD was high
in Inbred 129/Sv mice and in (129/Sv x C3H/He)F2 TCR
a mutant mice, but lower in (129/5v x BALB/C)F2 or N1
mutant mice. Overall, the disease was most severain TCR
o mutant mice and in class Il MHC mutant mice, milder
in TCR B mutant mice, and mildest in TCR ( x § double
mutant mice.

Specificity of Inflammatory Syndrome

We also analyzed other organs of the 224 mice to investi-
gate whether |BD was part of a multiorgan disease. Lung,
liver, spleen, kidney, and small intestine were systemati-
cally examined by routine histology. In some mice with
overt |BD, urinary bladder, uterus, stomach, esophagus,
pancreas, and mesenteric lymph nodes were studied as
well. Focal mixed inflammatory cell infiltrates were present
in the liver of some immunodeficient mice, in particular
TCR a mutant mice; these lesions may reflect nonspecific
changes as a result of IBD. Many T cell-deficient mice,
in particular RAG-7 mutant mice, showed evidence of P.
carinii infection in the lungs. No other pathology was identi-
fied. Particularly relevant is the absence of lesions of the
small intestine. Given the known association of bowel dis-
ease with joint disease in humans, it will be interesting to
determine whether the joints are also affected in the mu-
tant mice.

Among the 224 mice, there were three tumaors: a rectal
adenocarcinoma in an 11-meonth-cld TCR o mutant
mouse, a benign adenomatous polyp in the colon of a
g-month-old TCR B x class Il MHC double mutant mouse,
and a CD4"CDE* thymic lymphoma in a 7-month-old TCR
B mutant mouse, Apart from this study group, moribund
mice were frequently subjected to necropsy over the 2
year period, and no obvious tumors were detected by mac-
roscopic inspection. Thus, the spontaneous tumor inci-
dence in this population of several thousand immunodefi-
cient mice was very low.

Clues to the Pathogenesis of IBD

Comparison of the lymphoid system of the strains of mice
in which IBD was or was not identified could provide clues
to the pathogenic mechanisms of the disease. Table 1
lists the deficiencies in lymphocyte subsets in the various
mutant mice. The common denominator in mice with IBD
iz that they have B cells but are deficient in af T cells,
in particular class || MHC-restricted CD4~ ofi T cells. An
important comparison is between TCR B = & double mu-
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Table 1. Lymphocyte Subsets in Various Mutant Mice

Strain CD4™ aff T Calls af T Cells 6 T Cells B Cells IBD
Wild type + + + + Mo
TCR & + + = + Ne
nude (=) =) (=) + Mo
Ipefior - = - + Mo
RAG-1 - = o5 = Mo
TCAa =2 - + + Yes
TCR [ - = + + Yes
TCRp = & - - - + Yeos
Class Il MHC = + + + Yes
TCRa x class Il i = + + Yes
TCRP x class Il - - + + Yes

Plus, present; minus, absent; minus in parentheses, very few.

* Except for & mingr population of CD4* dull TCR B* cells (see Mombaens et al., 1992a).
® Except for a small population of CD4" aff T cells, whose development and function are unclear.

tant mice (IBD positive) and AAG-1 mutant mice (IBD nega-
tive): the difference between these two types of mice is
the presence of B cells in the former and their absence
in the iatter.

Discussion

UC-like Disease

The only pathology frequently observed in our aff T cell-
deficient mice is inflammation of the large intestine (ce-
cum, colon, and rectum). The selective involvermneant of the
large intestine and the histological features (loss of goblet
cells, elongation of crypts, crypt microabscesses, and in-
flammatory cell infiltrate in the lamina propria) are reminis-
cent of the human disease UC. A noticeable difference is
the absence of obvious ulcerations in the diseased intes-
tine of the mice. Together with Crohn's disease, in which
terminal small intestine and proximal large intestine are
usually affected and whose histological characteristics are
quite distinct, UC is described as an idiopathic IBD (Podol-
sky, 1991a, 1991b). The inflammation in TCR mutant mice
is not part of a multiorgan inflammatory syndrome such
as that described recently in transforming growth factor
f1 mutant mice (Shull et al., 1992; Kulkarni at al., 1993).
Screening by two veterinary diagnostic laboratories failed
to reveal the presence of a microorganism known to be
pathogenic for mice. Therefore, the TCR mutant mice
could serve as small animal models for the study of UC in
humans. The understanding of this disease, which affects
about 1 in 1000 people in the Western world, has been
hampered by the lack of a suitable animal model (Podol-
sky, 1991a, 1891b).

Development of UC-ike disease in aff T cell-deficient
mice suggests, but obviously does not prove, involvermnent
of the immune system in UC in humans. Evidence for an
immunopathological, possibly autoimmune, origin of this
disease has been weak to date and includes linkage to
certain human leukocyte antigen alleles (Podolsky, 1991a)
and loss of interleukin-2 (IL-2)-producing CD4° T cells in
the diseased gut (Kusugami et al., 1891). The presence
of IBD in class | MHC mutant mice and the absence of IBD
in RAG-T mutant mice (Table 1) suggest that the disease in

mice is caused by inappropriate control of B cells duﬂm
the lack of class || MHC-restricted CD4” af T cells. y§ T
cells may contribute to the disease, as the disease appes
to be more pronounced in TCR  mutant mice than in TCR
fx & double mutant mice. The absence of IBD in nude
mice could be explained by the observation that many op
T cells persist in the gut of these mice (for a review gee
Rocha et al., 1982). The notion that the lack of CD4*
T cells causas the disease is supported by the devel
ment of IBD in IL-2-deficient mice (Sadlack et al.,

Il MHC in epithelium of the large intestine could be a ca
of IBD in humans (Podolsky, 1981a). Class Il MHC

of B cells could lead to an autoimmune attack ag
the intestinal epithelium, possibly due to cross-reg
antibodies. This suppression could either be gene
antigen specific. The selective involvement of the
bowel could be explained by its highly antigenic e
ment, caused by the high microbial load. This initial i
may lead to a vicious circle of tissue destruction and re-
lease of intracellular epithelial antigens, followed by more
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mice homaozygous for the jor mutation were purchased from The Jack-
son Labaratory. Class || MHC (AB) mutant mice (Grusby et al_, 1991)
were bred at MIT.

The mice wera housed in two rooms in the animal facility of the
Center for Cancer Fesearch at MIT. The microisolator cages were
housed on metal racks. The cages were changed weexly, and the
mice were handled either with forceps or with gloves, both dipped in
a chlorhexidine solution between cages. Food and water were given ad
libiturn. The food (Autoclavablea Rodent Breeder Chow #5013, Purina
Mills, St. Louis, Missouri) was bulk autoclaved at 230°F for 20 min
with & 10 min drying cycle. Distilled water was placed in Dottles, and
thir baskets wrapped with autoclave paper were autoclaved on a liquid
cycle at 250°F for 25 min. The bedding (laboratory grade Northeastern
pine shavings, Mortheastern Products Corporation, Warrensburg,
New York) was bulk autociaved at 250°F for 20 min with a 10 min
drying cycle. Cages were sanitized in & cage washer at 180°F,

Health Status

Sentinel DBA/2) mice were analyzed every 2 months by the Division of
Comparative Medicine at MIT. Evaluation included gross pestmortem
examination. Serology was nagative for minute virus of mice, sendai-
virus, muring encephalomyelitis virus, mouse hepatitis virus, ectro-
melia, preumoniavirus of mice, reovirus type 3, lymphotytic choric-
meningitis virus, epizootic diarrhea of infant mice virus (also celled
mouse rotavirus), and Mycoplasma pulmaonis. Af the onset of this proj-
ect, sentingd mice were seropositive lor epizootic diarrhea of infant
mic® virus, but they were seronegative for the remainder of the 2 year
period (this virus causes lesions of the small intesting). No ecto- or
endoparasiles were detected. Rectal swabs were negative for Citro-
bacter freundii and Salmonella spp. Lung and nares culiures were
positive for Pasteurella spp. Over the 2 year period, approximately 12
immunadeaficient mice were analyzed at MIT. Intestinal cultures were
negative for Campylobacter spp., C. freundii, Salmonella spp., and
endoparasites (Cryptosporidium spp., Sephacia obvelata, and endo-
parasite nitrate fiotation test). In some immuncdeficient mice, direct
smear of the colonic content revealed the presence of trichomonas,
but these protozoa are not known to be pathogenic for mice,

In addition, one immuncoompetent mouse from each room, two
TCR a mutant mice from cne room, and one TCR a mutant mouse
from the other room (all three mice had severe IBD) and one RAG-1
mutant mowse from each room were examined by the Disgnostic Lab
of the Charles River Laboratories (Wilmington, Massachusetts). The
serology of the two immunocompetant mice was negative for the same
viruses as described above and, in addition, for K virus, polyomavirus,
mouse adenovirus, mouse cytomegalovirus, hantaanvirus, Encephali-
tozoon cuniculati, and Carbacillus. Cecal cultures were negative for
Pseudomonas spp. and Salmonella spp. Colon cultures ware negative
for C. freundii, biotype 4280. Nasal and lung cultures were negative
for Bordetella bronchiseptica, Conynebacterium kutscherl, Klebsiella
pneumoniae, Klebsiella axytoca, M. pulmonis, Pasteurslla multocida,
Pasteuralla pneumotropica, Pseudomonas spp., Staphylococcus au-
reus, Streptococcus pneumaoniae, f-hemalytic Streptecoccus, group B
Streplococcus, and group G Streptococcus. No ecto- or endoparasites
ware detected, except in one immunodeficient mouse whose gut con-
tained Hexamastix $pp., which is not known o be pathogenic for mice.

Histological Analysis

Tissue samples were isolated by one of us (P. M.} in 2 standard taghion.
For rectum samples, the last 1 cm of the large bowel was taken; for
colon samples, & 1 cm section of the middie colon was isolated. The
CRCUM was remaoved separately. For small intestine samplas, the termi-
nal 2 cm of the ileum was dissected. Samples of the left lung, of the
right bobe of the liver, and of the beft kidney were taken as wall. Tissue
samples were fixed in 10% buffered formalin, and paraffin-embedded
tissua sections were stained with hematcoodin and eosin using stan-
dard techniques

Immunohistological Analysis

Tissue samples were frozen in OCT compound (Ames, Elkhart, Indi-
ana), frozen in liquid nitrogen, and stored at =70°C. Sections (4 um
thick) were air dried for 2 hr, fixed in acetona for 7 min, air dried again,
and sfained by the avidin-biotin complex method (Cerf-Bensussan et

al., 1883). The sections were incubated with antibodies in optima
dilutian, fedlowed by incubation with biotinyiated secondary antibodies
and a 1:100 dilution of avidin-biotinylated peroxidase complex (Dako
Santa Barbara, California). Each incubation was followed by three
washes in phosphate-butiered saline. Endogencus peroxidase activi
was blocked by & 30 min incubsgtion in 0.3% hydrogen peroxide i
phosphate-buffered saline. Endogencus biotin was blocked by se
guential incubations with avidin and biotin (Vector, Burlingams, Cal
fornia). The tissue sections were stained by incubation in a solutiol
of 3-amino-S-ethylcarbazole (Aldrich, Milwaukee, Wisconsin), pos

CD3e, purified YCD3.1 at 1:50 followed by rabbit anti-rat (Vector) at
1:100; for TCR &, purified 3A10 (tohara et al., 1989) at 1:5 followe

by goat anti-hamster (Vector) at 1:10; for TCR B, biotimdated H57-53
(PharMingen, San Diego, California) at 1:5 followed by goat anfi-
hamster (Vector) at 1:20; for igA, polycional antiserum (Boehringe
Mannheim, Indianapolis, Indiana) at 1:4 followed by goat anti-rabit
(Vector) at 1:100. Secondary antibodies were biotinylated.

Acknowledgments

TCR mutant mice. P. M. thanks Juan Lafaille for advice and s
We thank Lili Wang, Wei Lin, and Marcia Levy for technical assista
Piarre Vassalli, Daniel Podolsky, and Rod Bronson provided usg
comments. We thank lvan Horak for generously sharing unpublished
data on IBD in IL-2-deficient mice. P. M. was a Howard Hughes Medical
Institute (HHMI) Predoctoral Fellow in the biological sciences. Gia
support was from the National Institutes of Health (NIH), HHMI, Huma
Frontiers Science Program, and Yakult Honsha Company to 5. T. nd
from MIH and the Center for the Study of inflammatory Bowel Disease
al the Massachusatts General Hospital to A. K. B,

Received July 16, 1983; revised August 20, 1893,

References

of the mucosal lymphocytes of human small intestine by the use
monochonal antibodies. J. Immunol. 130, 2515-2622,

Chen, J., Trounstine, M., Alt, F. W_, Young, F., Kurahara, C.,

B cell deficient mice generated by targeted deletion of the JH Ig
Int. Immunol. §, 647-656.

Grusby. M. J., Johnson, R. 5., Papaionannou, V. E., and Gli
L. H. (1891). Depletion of CD4* T cells in major histocompatibil;
plex class ll-deficient mice. Science 253, 1417-1420.

lhohara, 5., Nakanishi, N., Kanagawa, O., Kubo, R., and Tonegawa,

tor y5: analysis of 5 T cells during thymic antogeny and in perig
Iymphoid organs. Proc. Matl. Acad. Sci. USA 85, 5004-5098.
haohara, 5., Mombaerts, P., Lafaille, J., lacomini, J., Nelson, A,, Qlarke,
A R., Hooper, M. L., Farr, A., and Tonegawa, 5. (1993). T cell re¢eptor
4 gene mulant mice: independent generation of aff T cells and pro-
grammed rearrangements of v& TCR genes. Cell 72, 337-344.

Jung, 8., Rajewsky, K., and Radbruch, A. (1993). Shutdown of class
switch recombination by deletion of a switch region control element.
Science 250, 084-087.
Kitamura, D., Roes, J., Kihn, R., and Rajewsky, K. (1991). A B call-
deficient mouse by targeted disruption of the membrane exor of the
immunoglobulin p chain gene. Nature 350, 423-426,

Kikhn, A.. Lahler, J., Rennick, D, Rajewsky, K., and Miller, W, [1993),
Interieukin-10-deficient mice develop chronic enterocolitis. Cell 75,
this issue.
Kulkarni, A_ B., Huh, C.-G., Becker, D., Geiser, A., Lyght, M., Flanders,
K. C., Roberts, A. B., Sporn, M. B., Ward, J. M., and Ka n, 5.
{1993). Transiorming growth factor 1 mutation in mice causes axces-




Cell
282

sive inflammatory response and early death. Proc. Natl. Acad. Sci.
USA 90, T70-T74.

Kusugami, K., Matsuura, T., West, G. A., Youngman, K. R,, Rachmi-
lewitz, D, and Figcchi, C. (1891). Loss of intereukin-2-producing intes-
tinal CD4" T cells in inflammatory bowel disease. Gastroenterclogy
107, 1584-1805.

Leiter, E. H. (1980). The role of environmental factors in modulating
insulin dependent diabetes. In The Role of Microorganisms in Non-
infectious Disease, R. R. P. de Vries, |. R. Cohen, and J. J. van Rood,
eds. (Berlin: Springer-Verlag), pp. 38-55.

Mombaerts, P., Clarke, &, A., Hooper, M. L., and Tonegawa, 5. (1991).
Creation of a large genomic deletion at the T-cell antigen receptor B
subunit locus in mouse embryonic stem cells by gene targeting. Proc.
Natl. Acad. Sci. USA 88, 3084-3087.

Mombaerts, P., Clarke, A A.. Rudnicki, M. A, lacomini, J., tohara,
I, Lafaille, J. J., Wang, L., Ichikawa, ¥, Jaeniach, R., Hooper, M. L.,
and Tonegawa, 5. (1992a). Mutations in T-cell antigen receptar genes
o and @ block thymocyte development at different stages. Mature 380,
225-231.

Mombaerts, P., lacomini, J., Johnson, R. 5., Harrup, K., Tonegawa,
3., and Papaicanncy, V. E. (1992b). RAG-1-deficient mice have no
mature B and T lymphocytes. Cell 88, 868-877.

Mombaerts, P., Arnoldi, J., Russ, F., Tonegawa, 5., and Kauimann,
5. H. E. (1883). Different roles of aff and ¥& T cells in immunity against
an intraceliular bacterial pathogen. Nature 365, 53-56.

Nitschke, L., Kosco, M., Kdhler, G., and Lamers, M. C. (1893). Immumng-
globulin D-gdeficient mice can mount normal immune responses o
thymus-independent and -dependent antigens. Proc. Matl. Acad. Sci.
USA 80, 1887-1801,

Podolsky, D. K. (1221a). Inflammatory bowel disease |. M. Engl. J.
Med. 325, 828-937.

Pedolsky, D. K. (1991b). Inflammatory bowel disease I N. Engl, J.
Med, 325, 1008-1016.

Pozzilli, P., Signore, A., Williams, A J. K., and Beales, P. (1893). NOD
mouse colenies argund the world: recent facts and figures. Immunol.
Today 74, 193-126.

Rocha, B., Vassalli, P., and Guy-Grand, D. (1982). The extrathymic
T-cell development pathway. Immunol. Today 73, 449-454_

Roeas, J., and Rajewsky, K. (1993). Immunogiobulin D (IgD}-deficient
mice reveal an auxillary receptor function for IgD in antigen-mediated
recruitment of B cells. J. Exp. Med. 777, 45-55.

Sadlack, B., Merz, H., Schorle, H., Schimpl, A., Feller, &, C., and
Horak, I. (1983). Ulcerative colitis-like disease in mice with a disrupted
interleukin-2 gene. Call 75, this issue.

Schatz, D. G., Oettinger, M. A., and Baltimore, D. (1982), The V(DK
recombination activating gene, RAG-1. Cell 59, 1035-1048.

Shull, M, M., Ormsby, |., Kier, A. B., Pawloswski, 5., Disbold, R. J.,
¥in, M., Allen, R_, Sidman, C., Proetzel, 3., Calvin, D., Annunziata,
M., and Doetschman, T. (1992). Targeted disruption of the mouse
transiorming growth factor-81 gene resulls in multifocal inflammatory
disease. Mature 359, 693-529,




