Identification of Multiple Isolated Lymphoid Follicles on the
Antimesenteric Wall of the Mouse Small Intestine!
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We have revealed that 100-200 clusters, filled with closely packed lymphocytes, can be found throughout the length of the anti-
-mesenteric wali of the mouse small intestine. They are composed of a large B cell area, including a germinal center, and epithelia
overlying the clusters contain M cells. A large fraction of B cells displays B220*CD19*CD23*IgM'*1gD"*"CD5Mac-1" phe-
notype, and the composition of IgA™ B cells is smailer but substantial. To our knowledge, these clusters are the first identification
of isolated lymphoid follicles (ILF) in mouse small intestine. ILF can be first detected at 7 (BALB/c mice) and 25 (C57BL/6 mice)
days after birth, and lymphoid clusters equivalent in terms of cellular mass to ILF are present in germfree, athymic nude,
RAG-27/~, TCR-B~'~, and Ig p-chain mutant (um™") mice, although c-kit* cells outnumber B220* cells in germfree and
athymic nude mice, and most lympheid residents are ¢c-kit*B220~ in RAG-2~"~, TCR-$~'", and pm™'" mice. ILF develop
normally in the progeny of transplacentally manipulated Peyer’s patch (PP)-deficient mice, and decreased numbers of conspic-
uously atrophied ILF are present in IL-7Ra~'~ PP"™™ mice. Neither ILF nor PP are detectable in lymphotoxin o'~ and aly/aly
mice that retain well-developed cryptopatches (CP) and thymus-independent subsets of intraepithelial T cells, whereas ILF, PP,
CP, and thymus-independent subsets of intraepithelial T cells disappear from common cytokine receptor vy-chain mutant mice.
These findings indicate that ILF, PP, and CP constitute three distinct organized gut-associated lymphoid tissues that reside in the

lamina propria of the mouse small intestine, The Journal of Immunology, 2002, 168: 57-64.

tissues (GALT)® consist of organized lymphoid structures

and diffusely distributed populations of cells. Organized
GALT are principally comprised of aggregated lymphoid follicles
(Peyer’s patches; PP) and mesenteric lymph nodes (MLN),

It is now clear that IgA is one of the key hallmarks of the in-
testinal humoral immune system (1-3) and that PP are the major
inductive sites for initiation of Ag-specific [gA responses to a va-
riety of intestinal lumninal Ags (4, 5). However, it has been reported

I n the small intestine of mammals, gut-associated lymphoid
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that PP are not of paramount importance for establishing strong
local IgA Ab responses to foreign protein Ag in rats (6) and to live
locally invasive bacteria in rabbit (7). Consistent with these earlier
observations, we (8) have recently demonstrated that PP also are
tiot & strict requirement In mice for induction of Ag-specific intes-
tinal IgA Ab responses. Oral immunization of the progeny of mice
treated with lymphotoxin § receptor (LTSR) and Ig chimeric pro-
tein (LTBR-Ig) that lacked PP but retained MLN (9} with OVA
plus cholera toxin as mucosal adjuvant resuited in OV A-specific
intestinal IgA Ab responses (8). In contrast, TNF and lymphotoxin
(LT) e double-knockout mice that lacked both PP and MLN (i0)
failed to elicit the responses (8). On the basis of these findings, we
underscored the compensatory role of MLN for the induction of
mucosal immune responses in LTSR-Ig-treated PP™" mice,
Other forms of lymphoid aggregations that have been identified
in the wall of human (11), rabbit (7), and guinea pig {12) small
intestines are isclated lymphoid follicles (ILF} which are invistble
from the serosal or mucosal surface of the small intestine. ILF are
structurally and functionally similar to the follicular units that
compose PP and are believed to be an equivalent or complemen-
tary system to PP for the induction of intestinal IzA Ab responses.
In contrast to ILF tdentified in the above mammals, however, ILF
in the mouse small intestine have not been described in the im-
munological literature to date, Recently, we revealed multiple tiny
clusters filled with c-kit*IL-7R*Thy-1* lymphohemopoietic pro-
genitors in crypt lamina propria (LP) of the mouse small intestine
(cryptopatches; CP} (13-16} and verified that CP were extrathymic
anatomical sites indispensable for intestinal T lymphopoiesis (14—
16). The modified nonclassical villi occupied mostly by immature
lymphocytes (lymphocyte-filled villi; LFV) have also been iden-
tified in the rat small intestine and are regarded as candidates for
specialized sites of primary extrathymic T lymphopoiesis (17). In
this context, such a continued description of novel GALT is
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viewed as a good indication of the complexity of the intestinal
immune systern that has been driven by millenniz of evolutionary
pressures (18).

Thus, the continued identification of new organized GALT and
a consideration of the reasoning behind this, in conjunction with
the significance of our novel findings from LTSR-Ig-treated PP™"
mice (8), led us to investigate whether lymphoid aggregations
equivalent in all respects to ILF are present in the small intestine
of laboratory mice. We found that 100-200 lymphoid aggrega-
tions that fulfilled the criteria of ILF were aligned along the an-
timesenteric wall of the mucosa. In the present paper, anatomical
structure, organogenesis, lymphocyte composition, and strain-to-
strain variation of these newly identified ILF are described in re-
lation to those of the other organized GALT of the mouse small
intestine.

Materials and Methods
Mice

BALB/cA/Ic] (B/c), CSTBL/GNIcL (B6), DBA/23/Ict, C3H/HeN/Xcl, athy-
mic nude (rwnu) BALB/cA/lcl, and alymphoplasia (afy) mutant afy/alfy Jcl
(19) mice were purchased from CLEA Japan (Tokyo, Japan). LTa mutant
C57BLJ/6) (LTa ") mice (20) were purchased from The Jackson Labo-
ratory (Bar Harbor, ME). IL-7R a-chain-deficient (JL-7Re""") mice (21},
TCR-CB mutant (TCR-87/~) mice (22), male mice carrying a truncated
mutation of common cytokine receptor ¥ gene (CRy™'Y) (23), and germ-
free (GF) BALB/cA mice {24) have been described previously (13, 15).
Recombination activating gene-2 mutant (RAG-27'") (25) B/c mice were
provided by Dr. S. Koyaso (Keio University School of Medicine, Tokyo,
Japan). Ig p-chain membrane exon-deficient (um='=) mice (26) were 2
generous gift from Dr. H. Karasuyama (Tokyo Medical and Dental Uni-
versity, School of Medicine, Tokyo, Japan). We obtained transplacentally
manipulated PP-deficient mice according to the two methods described
elsewhere (8, 9, 27). In brief, timed pregnant B/c mice were injected i.v,
with 2 mg of an antagonistic mAb to IL-7R (A7R34) on gestational day
14.5 (27) or 200 pg LTBR-Ig chimeric protein on gestaticnal days 14 and
17 (8). All animal procedures described in this study were performed in
according with the guidelines for animal experiments of Keio University
School of Medicine.

Abs and lectin

The following mAbs described elsewhere (13-16) were used. For immu-
nohistochemical staining: anti-B220 (RA3-6B2, 2 pg/ml), anti-c-kit
(ACK-2; 5 pg/ml), anti-CD3 (145-2C11; 5 pg/ml), anti-IL-7R (ATR34; 5
pug/ml) and anti-CD11le (N418; supematant of the cultured hybridoma)
mAbs. Biotinylated peanut agglutinin (PNA; 7.5 pg/ml) (Vector Labora-
tories} was also used in this study. For flow cytometric analysis: 3-15 X
10° cells were stained in 50 pl staining medium containing the following
mAbs described elsewhere (13-16). FITC-conjugated anti-B220 (RA3-
6B2; 5 pg/ml), anti-c-kit (ACK~4; 25 pg/ml), and anti-Mac-1 (M1/70; 10
pg/ml) mAbs; and biotinylated anti-TL-7R (A7R34; 30 pp/ml) mAb.
FITC-conjugated anti-IgD (11-26¢.2a; 20 pg/ml; BD PharMingen, San
Diego, CA), anti-IgA (C10-3; 20 pg/ml; BD PharMingen), and anti-T and
B cell activation Ag (GL-7; 10 pg/ml; BD PharMingen) mAbs; and bio-
tinylated anti-IgM (R6-60.2; 20 pg/ml, BD PharMingen), anti-B220 (RA3-
6B2; 10 ug/ml, BD PharMingen), anti-CD1lc (HL3; 10 ug/ml, BD
PharMingen), anti-CD5 (53-7.3; 10 pg/ml, BD PharMingen), anti-CD19
(1D3; 10 pg/ml; BD PharMingen), and anti-CD23 (B3B4; 20 pg/ml; BD
PharMingen) mAbs as well as biotinylated PNA (0.5 pg/ml; Vector Lab-
oratories) were also used in this study.

Immunohistochemical procedure

Small intestine was longitudinally opened along the mesenteric wall, and
then intestine ~10 mm long that had been either kept flat for horizontal
section or rolled up for vertical section was embedded in OCT compound
(Tissue-Tek; Miles, Elkhalt, IN) at ~80°C. The tissue segments were sec-
tioned with a cryostat at 6 um, and sections were preincubated with Block-
ace (Dainippon Pharmaceutical, Osaka, Japan) to block nonspecific bind-
ing of mAbs. The sections were then incubated with rat or hamster mAb for
30 min at 37°C and rinsed three times with PBS, followed by incubation
with biotinconjugated goat anti-rat IgG Ab (5 pg/mk; Cedarlane Labora-
tories, Homby, Ontario, Canada) or with biotin-conjugated goat anti-
hamster IgG (5 pg/ml; Cedarlane Laboratories). In staining with biotinyl-
ated PNA, the second biotin-conjugated anti-IgG Ab was not used.

Subsequently, the sections were washed three times with PBS and then
incubated with avidin-biotin peroxidase complexes (Vectastain ABC kit;
Vector Laboratories). The histochemical color development was achieved
by the Vectastain DAB (3,3’-diaminobenzidine) substrate kit {Vector Lab-
oratories) according to the manufacturer’s instructions. Finally, the sec-
tions were counterstained with hematoxylin for microscopy. Endogenous
peroxidase activity was blocked with 0.3% H,0, and 0.1% NaN, in dis-
tilled water for 10 min at room temperature. Tissue sections incubated
either with isotype-matched normal rat IgG or with nonimmune hamster
serum showed only minimal background staining,

In vivo labeling and in situ immunohistochemical visualization
of proliferating lymphocytes

Mice were given drinking water containing 1 mg/ml bromodeoxyuridine
(BrdU) for 38 h. The small intestines were removed and opened along the
mesenteric wafl. Then intestines ~10 mm long that had been rolled up
were embedded in OCT compound at —80°C. Cryostat tissue sections 9
pm thick that included PP and/or ILF were fixed in 4% paraformaldehyde
for 15 min at 4°C, washed three times with PBS, and treated with 2 M HCl
for 20 min at 37°C, followed by neutralization with 0.1 M sodium tetrabo-
rate. Subsequent immunohistochemical color development using the first
anti-BrdU mAb (B44; BD Biosciences, San Jose, CA) and the second
biotinylated goat anti-mouse Ig Ab (20 pg/ml; Cappel, Aurora, OH) was
performed according to the method described in the preceding section.

Flow cytometry

A single lymphoid cell suspension was prepared, and nucleated cells were
counted using a hemocytometer. Resident lymphoid cells in the peritoneal
cavity (PEC) were obtained by rinsing PEC with 10 ml ice-cold PBS with-
out Ca®* and Mg?*. ILF celis were isolated by essentially the same tech-
nique used for the isolation of CP cells (14-16), In brief, the small intestine
was opened longitudinally along the mesenteric wall, and mucus and feces
were removed with filter paper. Subsequently, intestine ~10 mm long was
pasted on a plastic culture dish. We amputated a needle (18-gauge; inner
diameter, 940 pm}) at the proximal end of the tapering tip. We then bent the
needle in the middle, sharpened its cross-section with the aid of a small
electric grinder, i-e., a dental instrument (UA12A; Urawa Kogyo, Saitama,
Japan), and finally fitted it on a 1-ml syringe. We located ILF under a
transillumination stereomicroscope and isolated a tiny fragment of the
small intestine containing one ILF using the needle described above. Lym-
phoid cells were incubated first with biotinylated mAb and then with
streptavidin PE (BD Biosciences) and FITC-conjugated second mAb.
Stained cells were suspended in staining medium (Hanks’ solution without
phenol red, 0.02% NalN,, and 2% heat-inactivated FBS) containing 0.5
pg/ml propidium iodide (PT} and analyzed wsing FACScan with CellQuest
software (BD Biosciences). Dead cells were excluded by PI gating. Lym-
phoid cells were incubated with anti-FeyRIVIII mAb (2.4G2; 10 pg/ml;
BD PharMingen} before staining to block nonspecific binding of labeled
mAbs to FcR.

Electron microscopy

Under anesthesia with sodium pentobarbital, B/c mice were perfused tran-
scardially with Ringer’s solution and subsequently with a mixture of 2.5%
glutaraldehyde and 0.5% paraformaldehyde buffered at pH 7.3 with 0.1 M
cacodylate. The small intestine was excised and immersed overnight in the
same fixative. After fixation, ILF on the antimesenteric wall were cut out
with iridectomy scissors under a dissecting microscope, rinsed in 0.1 M
cacodylate buffer (pH 7.3), and postfixed with 1% 0sQ, buffered with
cacodylate (0.1 M, pH 7.2) for 2 h. For scanning electron microscopy, the
specimens were then dehydrated through a graded series of ethanol, trans-
ferred to isoamyl acetate, and critical-point dried with liquid CO,. The
dried specimens were coated with osmium in a plasma osmium coater
(Nippon Laser and Electronics Lab, Nagoya, Japan), and examined in a
Hitachi H-4500 scanning electron microscope (Hitachi, Tokyo, Japan) at
an acceleration voltage of 10 kV, For transmission electron microscopy,
the osmicated tissue pieces were dehydrated through a series of ethanol and
embedded in Epon 812, Ultrathin sections were examined in a Hitachi
H-7100 transmission electron microscope (Hitachi) after double staining
with uranyl acetate and lead citrate.
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Results

From 100 to 200 lymphoid clusters filled with B220™ cells are
distributed throughout the antimesenteric mucosa of the mouse
small intestine

During the course of our sn.idy on CP (13-16), we noticed the
presence of tiny and macroscopically invisible lymphoid clusters
filled with B220™ cells in the mouse small intestine, although they
are far less frequent but much larger than CP. Recently, we (8)
verified that PP are not necessarily obligate GALT for the induc-
tion of Ag-specific intestinal IgA and serum IgG Ab responses to
an orally administered protein Ag. With these observations in
mind, we aimed at investigating the cluster filled with B220™ cells
(we use hereafter the term ILF for these B cell aggregations; see
below} in detail.

ILF were located in tandem on the antimesenteric wall down
from doodenum to ileum in Bfc (Fig. 1A, left) and B6 (data not
shown) mice, whereas CP filled with c-kir* cells were interspersed
throughout the mucosa (Fig. 14, middle). We also confirmed an-
timesenteric localization of multiple ILF in the small intestines of
DBA/2)/Jcl and C3H/HeN/Jcl mice (data not shown). ILF were
smaller than B cell-enriched follicular units of PP and lacked in-
terfollicular PP regions that contained mainly T cells (Fig. 1B).
Absolute numbers of ILF in the small bowels of 8- to 20-wk-old
adult B/c and B6 mice were 150-200 and 100-150, respectively,
and neonatal intestines from these mice lacked ILF. In B/c mice,
ILF were not detected at 4 days after birth but became detectable
without exception (preferentially in the duodenal and proximal je-
junal mucosa) at the 7th postnatal day, the day when CP were first
detected in these mice. Postnatal development of ILF in B/c mice
is shown in Fig. 24. We also evaluated the frequency DNA rep-
licating cells in ILF and verified that the net accumulation of
BrdU-incorporated DNA-replicating cells in ILF was comparable
with that in PP (Fig. 2B). We (13} have previously reported that CP
can be first detected at 14-17 days after birth in the small intestine
of B6 mice. However, ILF in B6 intestine remained unidentifiable

FIGURE 1. Immunohistochemical
visualization of B220™ (ILF) and
c-kit* (CP) cell aggregations and PP in
the small intestine of B/c mice. We ex-
amined the entire small intestine, and
represcntative  jejunal pictures are
shown, A, Consecutive tissue sections
were stained with anti-B220 (lef?), anti-
c-kit (middie} and anti-CD3 (righ?)
mAb, respectively (X15). Three ILF
are aligned along the antimesenteric
wall of the mucosa (arrowheads) and
that numerous tiny CP are interspersed
throughout the mucosa. Magnified
views (X400) of the rectangular areas
are also presented in at the upper right
(arrows). B, Immunohistochemical
analysis of ILF and PP on the consec-
utive vertical tissue sections of the
small intestine (X80). Note that ILF
lack T (CD3¥) cell-enriched interfol-
licular regions that are the well-ac-
knowledged component of PP (fower
right).
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FIGURE 2. Postnatal organogenesis of ILF and irnmunohistochemical
visualization of DNA-replicating cells in ILF. A, ILF in B/c mice were not
detected at day 4 after birth but became detectable without exception at the
7th postnatal day. The numbers of ILF per small intestine from three to five
mice are shown, B, BrdU-incorporated lymphocytes in ILF and PP from
adult B/c mice. Cells that reside in GC of ILF and PP exhibit massive
proliferation.

until day 25 of postnatal life. Thus, although these observations
confirm the difference in the time course of postnatal formation of
ILF and CP between B/c and B6 animals, histogenetic events be-
hind this difference remain to be explored.

ILF and CP are distinct organized GALT of the mouse small
intestine

CP are located mostly in the crypt LP and are not subdivided into
specific areas based on their cellular composition (13). We found
in the present study that ILF were larger than CP (Fig. 14) and
appeared to occupy both the crypt and villous LP (Fig. 1B). To
compare more precisely the anatomical and cellular features of ILF
with those of CP, immunohistochemical analysis was conducted
using five representative mAbs that were reactive with B cells
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FIGURE 3. Immunchistochemical A
characterization of cells in ILF and CP y L . Y12
and flow cytometric analysis of cells g Tk,
that sojourn in ILF. A, Cells expressing
B220, c-kir, IL-7R, CD3, and CDllc
molecules on the consccutive tissue
sections were examined by immuno-
histochemistry (X200). Vertical (top)
and horizontal (middle) profiles of ILF
and horizontal (borrom) profiles of CP.
As also depicted in Fig. 1B, villi hous-
ing ILF are thicker and shorter in the
vertical section than surrounding clas-
sical villi and are distinguished by con-
taining LP that are replaced by a major
population of cells expressing B220.
‘CP are void of not only CD3* cells but

kit

ceos

also B220" cells. B, Two-color flow
cytometric analysis of cells isolated
from ILF. Note that ¢c-kit T IL-7R* cells
are neither B220* nor CD11c*. The

percentage of positive cells in the cor-

—CoKit

responding quadrants is shown.

{B220), mature T cells (CD3), lymphohemopoietic precursor cells
{c-kit and IL-7R) or dendritic stromal cells (CD11c), and the re-
sults are presented in Fig. 3A. On the basis of vertical profile, villi
containing ILF were thicker (barrel-shaped) and shorter than sur-
rounding villi not containing ILF (Figs. 1B and 34, top). The col-
lection of B cells that resided the central region of ILF was sur-
rounded by the layer of cells expressing c-kir and IL-7R molecules,
and a considerable number of dendritic CD11c™ cells were dis-
tributed in the peripheral region of ILF (Fig. 34, top and middle).
Flow cytometric analysis of lymphoid cells isolated from ILF con-
firmed that the B220™, c-kir*IL-7R™, and CD1lc™ cells consti-
tuted three discrete nonoverlapping populations (Fig. 3B). A small
number of CD3™ T cells was also interspersed within the ILF
(Figs. 1B and 3A). Finally, transverse profiles clearly showed that
the average diameter of ILF was longer by a factor of 2-5 com-
pared with that of CP, and, as verified previously (13), neither B
cells nor mature T cells were localized in CP (Fig. 34, borttom).
These findings suggest that ILF and CP constitute two distinct
organized GALT in the mouse small intestine.

ILF include germinal center (GC) and epithelia overlying ILF
contain microfold (M) cells

During the course of immunohistochemical study on ILF, we re-
alized that the lymphocytes compartmentalized in a core area of
the B220™" cell aggregations are proliferating vigorously (Fig. 2B)
and appear to include B bilasts. In lymphoid follicles, B cells at
active immune responses can be identified by their distinctive abil-
ity to bind PNA (28) and the mAb GL-7 (29, 30) and undergo
clonal expansion in forming GC. In this context, we examined
whether or not these putative B blasts were capable of binding
PNA and found that, in addition to the well-known GC formation
in PP (Fig. 44, bottom), PNA™ cell clusters, namely GC, were
present in the central area of the B220™ cell aggregations (Fig. 44,
upper left and middle). In contrast, CP were void of such PNA-
reactive cells (Fig. 4A, upper right). Among cells isolated from
ILF, PP, MLN, and spleen of nonimmunized normal B/c mice
examined, 2 substantial fraction of B220" ILF cells was PNA™
and/or GL-77, and a large fraction of B220* PP cells was PNA™*
and/or GL-7*, whereas only a minimal fraction of B220" MLN
cells and B220* splenic cells displayed PNA™ and/or GL-7™ phe-
notypes (Fig. 4B), indicating the persistent GC formation in ILF

and PP due to the constant antigenic challenge from the gastroin-
testinal tract.

Follicle-associated epithelium not cnly has typical columnar en-
terocytes but also contains M cells that deliver various luminal Ags

EANEY: }g 26 M| 19 % 0.6
GL-7

FIGURE 4. Immunohistochemical and flow cytometric verification of GC
formation in ILF. A, A cluster of PNA binding (PNA™) cells {(upper middle)
is compantmentalized in the central region of B220™ cell aggregation (upper
left), namely, ILF, and CP are void of such PNA* cells (upper righf). In the
lower panels, one well-established cluster of PNA™ PP cells (GC) (middle) and
the surrounding corona of B220™ B cells ({ff) are shown as a positive control.
B, Two-color flow cytometric analysis was performed on cells isolated from
ILF, PP, MLN, and spleen. Although the population size of PNA™ and/or
GL-7* subsets of ILF compartment is smaller than that of PP, a significant
fraction of cells in ILF expresses ligands for PNA and GL-7, indicating the
presence of GC B cells in ILF. In contrast, few if any cells from MIN and
spleen are PNA™Y and/or GL-7*. The percentage of positive cells in the cor-
responding quadrants is shown.
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FIGURE 5. Electron microscopic analysis of the epithelium adjacent to
ILF. A, Scanning electron micrograph of epithelium overlying ILF which
shows the presence of five M cells (arrows). Bar, 10 pm. B, Magnified
view of the inser in Fig. 44. The M cell in the center is surrounded by
absorptive enterocytes that possess numerous closely packed regular mi-
crovilli on their apices. Note the short, wide and irregular microvilli of the
M cell. Bar, 2 um. C, Transmission electron micrograph of M cell in the
epithelium overlying ILF. Microvilli of the M cell (center) are shorter,
thicker, and less abundant than those of surrounding absorptive entero-
cytes, and this M cell enfolds two lymphoid cells. Bar, 2 pm.

to GALT (31). Electron microscopy of epithelia overlying the
B220™ cell aggregations revealed that the epithelia contained M
cells (Figs. 5, A and B), and these M cells were found to enfold
lymphoid cells in their central hollow (Fig. 5C). Thus, taking all of
the above findings collectively, these B220* cell aggregations are
the first identification of ILF in the mouse small intestine.
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Flow cytometric analysis of B cells that reside in ILF

IgA is a predominant Ig which is secreted mainly across mucous
membranes, and the LP of intestines contains the largest collection
of IgA-producing plasma cells. These plasma cells have been
shown to derive either from the conventional Ag-specific IgA-
committed B-2 cells in PP (4, 32) or from the B-1 cells (33, 34)
that are enriched among B cells compartmentalized in the PEC
(35). To determine whether B cells that reside in JLF are similar or
dissimilar to those of PP, flow cytometric analysis was conducted
(Fig. 6). Both ILF and PP harbored a large population of IsqM* B
cells and also a significant population of IgA™ B cells, whereas
MLN contained few IgA* B cells (Fig. 6, top). B cells isolated
from ILF; PP, and MLN appeared to be IgM'**IgD"#" g5 com-
pared with those recovered from PEC, the majority of which dis-
played IsM™#"[gD'* phenotype (Fig, 6, middle). In contrast to the
fact that two-thirds of B220™ PEC cells expressed CD35 (Fig. 6,
bottom) and Mac-1 (data not shown) molecules, such B220*CP5™*
cells (Fig. 6, bottom) and B220*Mac-1* cells (data not shown)
were minimal in ILF, PP, and MLN compartments, Moreover, al-
most all B220™ cells from ILF and PP were CD19™, and a large
fraction of them were CD23%, whereas B220* cells from PEC
remained CD23™ (data not shown). Because mucosal B cells have
been classified into B-1 and B-2 cells based on the differential
expression of B220, IgM, IgD, CD5, Mac-1, and CD23 molecules
(34, 36), the present findings suggest that ILF are inductive sites
for initiation of IgA-committed B-2 cell responses in the gastro-
intestinal tract.

ILF in GF, various mutant and transplacentally manipulated
PP-deficient mice

Immunohistochemical analysis was conducted to characterize ILF
of GF and various mutant mice (Fig. 7). We evaluated the effects
of microbial and thymic deprivations in GF (Fig. 7B) and nuwhu
(Fig. 7C) mice, respectively, on the development of ILF and found
that the cellularity of ILF remained the same in both animals.
However, ¢-kit™ cells outnumbered B220* cells (Fig. 7, B and C)
and the formation of GC was hardly detectable (data not shown)
under these conditions, The cellular mass of ILF was also not
significantly altered in the RAG-2~" (Fig. 7D), TCR-8~/~ (Fig.

PP MLN
08 B 0.2

B220
FIGURE 6. B cells that reside in ILF are B-2 rather than B-1 B cells and
are phenotypically similar to those that reside in PP but dissimilar to those
recovered from PEC, a large fraction of which displays the phenotype of
B-1 B cells. Two-color flow cytometric analysis was performed on cells
isolated from ILF, PP, MLN, and PEC. The percentage of positive cells in
the corresponding quadrants is shown.
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FIGURE 7. Representative immunohistochemical visualization of
B220" and ¢-kit* lymphocytes in jejunal ILF from wild-type B/c (A), GF
(B), nu/nu (€), RAG-2~" (D), wild-type B6 (E), TCR-B~'~ (F), pm™"~
{G) and IL-7TRa™"~ (H) mice. Mice A—~D have a genetic background of the
B/c strain and mice E~H have a genetic background of the B6 strain,
Original magnification, X400.

7F), and pm™’~ (Fig. 7G) conditions as compared with those of
wild-type ILF from B/c (Fig. 7A) and B6 (Fig. 7E) mice, whereas
the difference in cellular composition was striking. Thus, the pop-
ulation size of B220™ cells was reduced drastically in TCR-g~/~
ILF (Fig. 7F), and few, if any, B220™ cells were detected in RAG-
27/ (Fig. 7D) and pm™'~ (Fig. 7G) ILF. In these three mutant
ILF, especially in RAG-27" and pm™"~ ILF, c-kir* cells replaced
B220" cells as the predominant population. As far as the lymphoid
residents of PP are concerned, c-kit* cells oceupied interfolticular
T cell regions in TCR-8~'~ PP, follicular B cell regions in pum™""
PP and entire T and B cell regions in RAG-2~"~ PP (data not
shown). As in the histogenesis of CP (13, 15), sharply emaciated
ILF were detected in IL-7Ra™~ mice (Fig. 7TH).

To determine whether ILF are newly identified murine GALT
distinct in terms of organogenesis from PP, we determined the
number of ILF in various animals, and the results obtained are
presented in Table I. Absolute numbers of ILF were not signifi-
cantly altered in GF, mw/nu, RAG-27"", and TCR-B8~'" mice as
compared with those of the corresponding wild-type ILF, whereas
absolute numbers of ILF in pm™" mice were about one-half of
those in B6 mice. Finally, a drastically reduced number of ILF was
detected in IL-7Ra ™'~ PP™" mice. It has been reported that PP are
absent from the small intestines of LTo™'~ (20) and aly/aly (19)
mutant mice. In this context, we addressed whether these muta-
tions affect the development of ILF and found that histogenesis of
ILF was also completely blocked. In these mutant conditions, how-
ever, histogenesis of CP and intestinal development of intraepi-

Table I Number of ILF and PP in the small intestine of various mice®

Mice (n) ILF PP
A. Ble (D 178 = 31 90+ 1.8
GF (4) 157+ 15 9513
nutnu (4) 152 +12 8531
RAG-27" (4) 129 £ 20 85%.1.3°
Anti-IL-7R? (5) 168 = 25 uD
LTAR-Ig* (3) 174 = 16 uD
B. B6 (6} 143 £ 16 8018
TCR-8~/~ (4) 134 = 17 78*10
pm (4) 7018 65 1.3
IL-7Ra™"" (4) 36+ 6° uD
LTa ™" (4) uD uD
aly/aly (5) uD UD
CRy™ (6) UD UD

“ Immunohistochemical verification of the small intestine in various mice carrying
B/c (A) or B6 (B) genetic background, The numbers of ILF and PP per mouse x 8D
are presented. UD, vndetectable,

® Significantly attenuated in size.

¢ Sharply attenuated in size.

¢ Mother B/c mice were injected iv. with 2 mg anti-IL-TR mAb (ATR34) on
gestational day 14.5.

“ Mother B/c mice were injected i.v. with 200 ug LTSR-Ig chimeric protein on
gestational days 14 and 17.

thelial T cells (IEL} that derive from c-kir™ CP cells (14, 16) re-
mained intact. It has recently been verified that not only PP but
also CP are absent from CRy™™ mice. We found that ILF were
hardly detectable in the intestinal LP of these CRy ™" mice. We
also determined the development of ILF in the transplacentally
manipulated PP™" mice because previous studies have shown that
exposure to anti-IL-7R mAb (27) as well as exposure to LTSR-Ig
chimeric protein (8, 9) during gestation disrupted PP but not MLN
formation. As a result, it was confirmed that the offspring from
these mothers lacked PP but possessed well-developed ILF (Table
I) and CP (data not shown). In conclusion, ILF are not identical
with PP or with CP with respect to their histogenesis and lympho-
cyte composition, and it is quite intriguing that they are aligned
along the antimesenteric wall of the mouse small intestine.

Discussion
To our knowledge, we are the first to identify ~100-200 lymphoid
aggregations that satisfied the structural and cellular requirements
of ILF in mouse small intestine. Remarkably, they were aligned at
roughly regular intervals along the antimesenteric wall of the small
bowel (Fig. 14, leff). In addition to ~10 aggregated lymphoid
follicles (37), we also verified that ~50 ILF were interspersed
throughout the large intestinal mucesa of Bfc mice (data not
shown). We do not know why they have not been described to
date, but we believe the existence of CP and ILF in the murine
intestinal mucosa has not been previously evaluated and reported
simply because they are very small and constitute only a thinly
scattered population. Immunchistochemical examination revealed
that villi housing ILF are thicker and shorter in a longitudinal
section than surrounding classical villi, and they are distinguished
by containing a LP that is replaced by closely packed lymphocytes
(Figs. 1B and 3A). In this regard, ILF are structures that resemble
most closely LFV of the rat small intestine (17), although their
lymphoid residents are markedly different from those of rat LFV,
a large fraction of which displays an immature phenotype (17).
Thus, in agreement with the properties of ILF described in other
mammals (7, 11, 12), it is evident that mouse ILF identified in the
present study are similar to the follicular units that compose PP.
As far as organogenesis is concerned, however, the difference
between ILF and PP is a matter of considerable interest. First, ILF
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are not detectable until day 4 (B/c mice) or day 25 (B6 mice) of
postnatal life, whereas PP are already microscopically well devel-
oped by just before birth in both strains of mouse (Ref. 27 and data
not shown). Second, in utero treatment with anti-IL-7R mAb or
LTPBR-Ig chimeric protein abrogates the development of PP, leav-
ing that of ILF unaffected. Third, IL-7Ra™"" mice lack PP,
whereas they possess ILF-like lymphoid aggregations although
they are atrophied markedly in both average size (Fig. 7H) and
numbers. Because the present findings (Figs. 4 and 6) support the
potion that JLF are also the inductive sites for intestinal IgA Ab
responses to a variety of luminal Ags, the biclogical significance of
the difference in ILF and PP formation is most likely to be failsafe
and/or mutually compensatory systems for the maintenance of in-
testinal immune surveillance. In mice, organogenesis of 6 to 12 PP
involves at least 3 distinct steps in the late embryonic stage (27).
Exposure of day 14.5 to 15.5 fetuses, namely, the first step, to
anti-IL-7R mAbD results in the generation of PP™" but otherwise
normal mice (Ref. 27 and Table I), indicating that there exists a
short and critical time window during the initial step of PP for-
mation. In contrast, organogenesis of ILF commences in early
postnatal life and thereafter increases gradually in numbers and
average size (Fig. 24). In the context of these findings and given
that PP have evolved earlier than ILF, it is conceivable that the
development of ILF in the mouse small intestine is a failsafe sys-
tem. Conversely, if the ILF evolved earlier than PP, the develop-
ment of PP is regarded as a complementary system to the lack of
ILF during early infantile life. In any case, exploration of these
possibilities is certainly an important goal for future experiments.

Not only PP but also ILF are absent from LTe™"" and alv/aly
mice, whereas CP and their YEL descendants are present in these
mutant animals (14, 16, 38) and, in contrast to antimesenteric dis-
tribution of PP and ILF, CP are situated randomly around the cir-
cumference of the intestinal wall (Fig. 1A). Intriguingly, however,
organogeneses of ILF and CP commence at the same postnatal age
in B/c mice, although that of PP is completed just before birth.
Because it has recently been demonstrated that LTalB2 receptor
(LTBR) signaling is crucial for the first step of PP formation (27)
and that LTR-mediated activation of NF-«B-inducing kinase is
selectively cancelled in the aly mutation (39), it is evident that the
signal passing through LTSR at antimesenteric organizing centers
is indispensable for the formation of both PP and ILF anlagen. In
sharp contrast, neither LTa1 82 nor the positional signals that em-
anate solely from antimesenteric mucosa are essential for the for-
mation of CP anlagen. Also, the lymphoid follicles in the cecum
{cecal patch), which are surprisingly quite intact in IL-7Ra™'~
mice (27}, are absent in LTa™" and aly/aly mice (H. Yoshida, un-
published observations). All in all, LTa™~ and al/aly mice lack PP,
ILF, and cecal patch but possess well-developed CP, IL-7TRa ™"~ mice
lack PP but possess normal cecal patch and conspicuously atrophied
ILF and CP, and CRy ™" mice are void of PP, ILF, and CP. Taking
these observations at face value, there exists remarkable complexity in
the crganogenetic mechanism of different GALT, and much remains
to be fearned about molecular level of cellular events underlying the
formation of these organized GALT before we elucidate the biolog-
ical significance of this complexity.

In addition to PP and CP, lymphoid aggregations analogous to
ILF of wild-type mice are present in nuw/nu, RAG-27", and um ™=/~
mice, indicating that organogenesis of ILF anlagen is dependent
neither on thymus-derived lymphocytes nor on the expression of
Ag receptor genes on T and B cells. However, ILF detected in
RAG-2""" and pum™'~ mice are phenotypically abnormal because
most lymphoid cells express c-kit but not B220 molecules (Figs. 7,
D and G). These results not only indicate that the organogenesis of
ILF proceeds through at least several histologically distinct steps
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but also suggest that B linecage-committed cells and/or mature B
cells immigrate from outside into ILF during the latter stage of ILF
formation. In conclusion, the current studies identified and char-
acterized ILF in mouse small intestine and illuminated the vatious
facets of their postnatal development. We consider that our find-
ings are of considerable importance because researchers exploring
the distinctive features of intestinal immune responses to luminal
Ags such as the regulation of mucosal IgA Ab responses and in-
duction of oral tolerance in the gastrointestinal tract, and the role
of PP in these processes have been performing their experiments
using various manipulated laboratory mice, including the mice that
lack PP but possess ILF.
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IL-10 is an important regulatory cytokine in the mu-
cosal immune system, as supported by the fact that mice
deficient in I1-10 spontaneously develop Crohn’s dis-
ease-like colitis. An aberrant, Thl-driven CD4* T-cell re-
sponse to enferic bacteria seems to be important in the
pathogenesis of this murine colitis, However, no specific
bacteria or bacterial products have been identified, and
whether the colitis is mediated by the activation of CD4*
T cells that recognize specific peptide-MHC complexes
is controversial. In this study, we analyzed the TCRS
chain complementarity determining region 3 length
spectratype of colonic CD4* T cells isolated from dis-
eased IL-10-deficient mice by using the Immunoscope
technique. Screening of the diseased interleukin-10-de-
ficient mice resulted in a restricted clonotype in TCR VS
13 and 14 subfamilies of colonic CD4* T cells. In contrast,
a Gaussian distribution of clonotype of individual TCR
VB subsets was observed in CD4* T cells from the periph-
eral lymphoid tissues. Although individual variability in
the disease-related response was also noted in other IL-
10-deficient mice maintained in La Jolla and Osaka, per-
haps because of different stages of the disease, genetic
background, or the housing environment, colitis-related
public clones seemed to be shared in all the diseased
mice tested. To address whether public clones were in-
volved, we determined the DNA sequence of the clones.
Public motifs were shared in eolonic CD4* T cells from
different background interleukin-10-deficient mice with
colitis. The frequently found motifs were SXDWG and
SATGNYAEQ. These motifs were not seen in the periph-
eral lymphoid tissues of diseased mice as well as the
colon of nondiseased mice. Thus, the common motif may
be related to a publie gut-derived antigen, which could
be important for the development of pathogenic CD4* T
cells in this inflammatory bowel disease (IBD) model.
The selection of VB-Jf usage is perhaps stochastic in
individual mice; however, the epigenetic generation of
SXDWG motif by the recombination machinery and se-
lection for this motif in the gut environment could be
important for triggering IBD. ¢ 2002 Elsevier Science (USA)
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INTRODUCTION

Inflammatory bowel disease (IBD)' is a chronic, pos-
sibly noninfectious, inflammation limited to the large
bowel (ulcerative colitis) or occurring anywhere along
the gastrointestinal tract (Crohn's disease); the former
is a relatively superficial, ulcerative inflammation,
while the latter is a transmural, granulomatous in-
flammation. The major hypothesis concerning the
pathogenesis of IBD is that the diseases are due to an
abnormal and uncontrolled immune response to one or
more normally occurring gut constituents (1-3). This
hypothesis is based on the concept that immune ho-
meostasis in the mucosal immune system relies on a
delicate balance between the ability to react to poten-
tial gut pathogens and the ability not to react with
common ubiquitous gut constituents (food antigens
and bacterial flora). If the second arm of the balance
mechanism, known as oral tolerance, is disturbed, and
the mucosal system reacts with one or more common
antigens in the mucosal environment, a condition is set
up leading to chronic enterocolitis.

Evaluation of T-cell receptor diversity and clonality,
in subjects who are going to be receiving vaccine or
suffering from T-cell-mediated autoimmune disease, is
critical for fully understanding the molecular basis of
vaccine development and pathogenesis of autoimmune
disease. In this regard, we and others have been study-
ing the pathogenesis of IBD produced in TCR a chain-
deficient mice (4, 5). It was shown that Th2-biased
CD4" T cells expressing a TCR B-chain homodimer
with a limited number of TCR VB subfamilies were
increased in the diseased mice. Furthermore, clonotype
analysis of the 88 T cells isolated from the diseased
colon by using PCR-based single-strand conformation
polymorphism (PCR-SSCP) analysis exhibited mono-

' Abbreviations used: aa, amino acid; CDRS3, complementarity de-
termining region 3; IBD, inflammatory bowel disease; IEL, intraepi-
thelial lymphocyte; KO, knock-out; LP, lamina propria; MLN, mes-
enteric lymph nodes; PCR-SSCP, PCR single-strand conformation
polymorphism,

1521-6616/02 $35.00
© 2002 Elsevier Science (USA)
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clonal or oligoclonal expansions. Thus, it was strongly
suggested that the pathogenic 88 T cells were clonally
accumulated upon stimulation with gut-derived spe-
cific antigens. In addition to this PCR-SSCP analysis,
another sensitive and elegant tool for the evaluation of
TCR repertoire diversity and clonal expansion is the
“Immunoscope,” originally developed by Kourilsky’s
laboratory at the Pasteur Institute (6-8).

IL-10 is well known as an anti-inflammatory cyto-
kine that down-regulates macrophage and Th 1 cell
function (9). The importance of IL-10 as a regulatory
cytokine in the mucosal immune system is supported
also by the evidence that mice genetically deficient for
IL-10 spontaneously develop human Crehn’s disease-
like IBD with age (10). Another important finding con-
cerning the regulatory role of IL-10 was clearly shown
by the finding that cotransfer of a CD4*, CD45 RBe"
T-cell population isolated from IL-2 promoter-driven
IL-10 transgenic mice, with the same pathogenic sub-
set of T cells isolated from normal mice, significantly
prevented the onset and reduced the severity of the
colitis in the recipient SCID mice (11). Additional exper-
iments by Powrie and co-workers have shown that the
prevention of colitis by CD4*, CD45 RB*" T cells requires
IL-10 (12). The chronic enterocolitis which developed in
the IL-10-deficient mice is mediated by CD4* T cells
producing IFN-y (13). In addition, adoptive transfer of
Thl-biased CD4" T cells into SCID mice caused the coli-
tis (14). It was also noted that germ-free IL-10 knock-out
{KO) mice have no colitis, and resident enteric bacteria
are necessary for the development of colitis in the mice
(15). Although the involvement of the T cells for the
development of colitis is clear, it is not known whether
particular antigens from bacteria or other microorgan-
isms play a role in disease induction.

To this end, several major questions in the IL-10-
deficient murine colitis model remain to be elucidated:
(i) Do the TCR repertoires of the mice with IBD share
public specificities? (ii) Are the TCR repertoires unique
in the colon? (iit) Where does the activation of T cells
oceur? To address these questions, an analysis of the
TCR repertoire in murine colitis provides a powerful
opportunity to characterize the pathogenic T-cell pop-
ulation (antigen-specificity, publicity, and distribution)
in a manner not possible in studies on human patients
(16). In this study we have analyzed TCR diversity of
the pathogenic CD4* T cells in the colon of IL-10-
deficient mice to assess the dissemination of the Ag-
reactive T cells and the potential role of common bac-
terial constituents in colitis pathogenesis.

MATERIALS AND METHODS
Mice

IL-10-deficient mice with two different backgrounds,
C57BL/6 X 1290la mixed or C57BL/6, were purchased
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from The Jackson Laboratory (Bar Harbor, ME) and
maintained at the La Jolla Institute for Allergy and
Immunology and Osaka University, respectively. The
C57BL/6 x 1290la mixed-background IL-10-deficient
mice were housed under specific pathogen-free condi-
tions, whereas the C57BL/6-background IL-10-defi-
cient mice were maintained under conventional condi-
tions free of specific pathogens. All procedures were
approved by the Animal Care and Utilization Commit-
tees at the respective institutions, Ages of the mice at
the time of analysis are given under Results and Dis-
cussion,

Isolation of Lamina Propria Lymphocytes

Mucosal lymphocytes were isolated according to a
published method (4, 5). Briefly, the large intestine
was removed and carefully cleaned from the mesen-
tery, opened longitudinally, and flushed of fecal con-
tent. The removed intestine was cut into 0.5-cm pieces,
transferred into 50-ml Erlenmeyer flasks, and shaken
three times at 200 rpm for 20 min each time at 37°C in
HBSS without Ca** or Mg** and containing 1 mM DTT
(Sigma, St. Louis, MO) to remove intestinal epithelial
cells and intraepithelial lymphocytes, To isolate lam-
ina propria lymphocytes, the remaining intestinal tis-
sue was minced, transferred to 20-ml scintillation glass
vials, and shaken for 30 min at 37°C in RPMI supple-
mented with 2% FBS containing collagenase at 0.5
mg/ml (Nitta Gelatin, Osaka, Japan). The cell suspen-
sions were collected and passed through a glass fiber.
The pelleted cells were passed over a Percoll gradient
and processed as described (4). For purification of co-
lonic CD4™ T cells, the mononuclear cells were sorted
with a FACSVantage flow cytometer (Becton Dickin-
son) after double labeling. PE-labeled anti-CD4 (L3T4)
and FITC-labeled anti-TCRB (H57-597) (PharMingen,
San Diego, CA) were used in combination.

mENA Extraction and ¢cDNA Synthesis

mRNA was prepared using the QuickPrep micro
mRNA purification kit (Pharmacia). The full quantity
of mRNA obtained was used for single-strand ¢cDNA
synthesis. The mRNA was denatured for 10 min at
70°C and then incubated with olige(dT)15 (5 uM),
dNTPs (1 uM each), RNasin (40 U; Promega, Madison,
WI), and AMV reverse transcriptase (2 U; Roche,
Mannheim, Germany) in the supplier’s buffer at 42°C
for 1 h, followed by incubation at 72°C for 10 min.

PCR Amplifications, Primer Extensions, and Data
Analysis

PCR amplification was conducted in 50 ul using 1/40
of the ¢cDNA with 2 U of Tag polymerase (Perkin—
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Elmer, Foster City, CA) in the supplier’s buffer. Sense
oligonucleotides specific for each of the 23 V8 genes
and antisense oligonucleotides for C8 have been de-
scribed (16). Forty cycles of PCR were conducted in a
Perkin-Elmer 3600 Automate, with each cycle consist-
ing of 94°C for 45 s, 60°C for 45 s, and 72°C for 45 s.
Each PCR product was then used as a template for
extension, or run-off, reactions with oligonucleotides
labeled with a fluorescent tag. Fluorescent primers
used included an internal CB primer and primers spe-
cific for each of the 12 JBs (18). The fluorescent run-off
products generated varied in size depending on
complementarity determining region 3 (CDR3) length.
Run-off products were subjected to capillary electro-
phoresis in an automated DNA sequencer (Applied Bio-
systems, Foster City, CA), and CDRS size distribution
and signal intensities were analyzed with GeneScan
software (Perkin-Elmer). The patterns observed con-
tained up to eight size peaks, each spaced by three
nuclectides, corresponding to in-frame transcripts. The
area under each peak was proportional to the quantity
of TCR transcript of the corresponding CDR3 length in
the sample.

Cloning and Sequencing of Selected VB-JB
Rearrangements

Amplified PCR products were diluted 1/100 with
H,0, and 1 ul was used as a template for amplification
of selected V3-JB rearrangements. PCR was performed
with the reagents and quantities described above, us-
ing a sense oligonucleotide specific for the VB-chain of
interest and an antisense oligonucleotide specific for
the JpB-chain of interest. Twenty-five cycles, each at
94°C for 45 s, 60°C for 45 s, and 72°C for 45 s, were
completed in a GeneAmp 9600 PCR System (Perkin—
Elmer). PCR products were analyzed on a 2% agarose
gel stained with ethidium bromide to monitor the qual-
ity and quantity of the reaction products. Each V3-Jj
amplified product was then shotgun cloned with the
pGEM-T Easy TA cloning kit (Promega, Madison, WI).
Resulting colonies were randomly selected, and cul-
tures were grown. Plasmid DNA was isolated from
bacteria cultures using Wizard Plus Miniprep kits
(Promega). Sequencing reactions were performed with
an ABI Prism dRhodamine Terminator Cycle Sequenc-
ing Ready reaction kit (Perkin-Elmer) and analyzed on
an automated sequencer.

RESULTS AND DISCUSSION

Immunoscope Analysis of TCR V8 Clonotype Revealed
Clonal Expansion of Pathogenic CD4" T Cells
in Diseased Colon

The first series of experiments was aimed at identi-
fying expanded populations of CD4*, TCR Vg™ cells
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that might be associated with IBD in IL-10 KO mice
and to determine whether there is a unique TCR rep-
ertoire in the large intestine, the primary site of in-
flammation. To this end, RNAs extracted from FACS-
purified CD4* T cells (100,000 cells) in the colonic
lamina propria (LP) and mesenteric lymph node (MLN)
of a diseased IL-10 KO mouse with anal prolapse
(C57BL/6 and 1290la mixed background) that was
maintained at the animal facility of the La Jolla Insti-
tute for Allergy and Immunology (La Jolla IL-10-defi-
cient mouse) were reverse-transcribed into cDNA. Ali-
quots were amplified by PCR with one of the Vg1-V320
primers and a CpB-specific primer. The PCR products
were then visualized by carrying out a run-off PCR
with 6-FAM-labeled CB5 primer, and the fluorescent
run-off products were loaded onto an ABI 310 Genetic
Analyzer and analyzed using GeneScan software,
which allowed determination of the fluorescence inten-
sity of each band as well as its actual size. The absence
of specific stimulation appears as a Gaussian-like dis-
tribution of the CDR3 sizes for a given V§-J8 run-off.
Specifie antigenic stimulation leads to the expanston of
single peaks.

As seen in Fig. 1, a typical Gaussian distribution of
CDR3 lengths of individual TCR Vg-Cg PCR products
was observed in the peripheral lymphoid tissue (MLN)
of La Jolla IBD mouse 1, suggesting a polyclonal rep-
ertoire of T cells away from the site of disease. On the
other hand, the TCR V33, V$5.2, VB8.1, V513, V314,
and VB18-CB PCR products in colonic CD4™ T cells
exhibited a bias of single peak of CDR3 length, while
the TCR VB10 and VB12-Cg product and the V88.2-C8
PCR product had two and three predominant CDR3
peaks in each case; this bias suggested a clonal expan-
sion of the colonic CD4™ T cells induced by stimulation
with a particular antigen.

Expansions of a single predominant peak in the co-
lonic LP were observed also in two other IL-10-defi-
cient mice (La Jolla mice 2 and 3) with IBD that also
had been maintained at La Jolla (Fig. 2). In La Jolla
IBD mouse 2, the TCRV312 and V814-C8 PCR prod-
ucts exhibited a single peak of CDR3 length, while the
TCR V5.2 and VB10-C8 PCR products were composed
of two or three predominant peaks. In La Jolla IBD
mouse 3, the TCR VB4, V10, VB12, and V514-CB
products showed a predominant bias of CDR3 segment.
These results strongly suggest that potentially patho-
genic CD4" T cells were antigen-specifically and
clonally infiltrated in the colon of IL-10 KO mice with
colitis. It was interesting that there was some sharing
of predominant CDR3 lengths (e.g., VS 14) among the
different diseased IL-10-deficient mice bred in La Jolla.

The identical expanded peaks in the colonic LP were
also found in the MLN T cells bearing a TCRS chain
exhibiting a Gaussian distribution of CDR3 segments
(Fig. 1). Thus, it is not certain that any expanded peaks
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FIG.1. Immunoscope analysis of TCR V8 clonotype (CDR3S size
distribution) of CD4" T cells isolated from colonic LP and MLN of
IL-10-deficient mouse 1 with IBD, which was maintained under
specific pathogen-free conditions at the La Jolla Institute for Allergy
and Immunology. CD4* T cells were purified from the colonic LP and
MILN of I1L-10-deficient mouse 1 by cell sorting using FACSvantage.
¢DNA from the FACS-purified CD4" T cells was subjected to PCR
using particular V8- and Cp-specific primers followed by a run-off
with a nested flucrescent Cp-specific primer. The CDR3g size distri-
bution was analyzed with the GeneScan software program. Depicted
are the CDR3 profiles from mouse 1 for selected V3-Cg PCR ampli-
fication with the indicated V3 primers. The intensity of fluorescence
is presented in arbitrary units as a function of CDR3 length in amino
acids, and a CDR3 length of particular aa is indicated. The peaks are
spaced by 3 nucleotides.

that we have observed are really LP lymphocyte-spe-
cific, as opposed to being found in MLN and perhaps
elsewhere. For example, the IL-10-deficient La Jolla
mouse 1 has a predominant 9-amine-acid (aa) peak for
VB 8.2 in the colonic CB run-off; there also is a 9-aa
peak in the MLN. Although it is a small peak, it could
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represent the same clone. There is a limited recircula-
tion of intestinal intraepithelial lymphocytes, and to a
lesser extent LP lymphocytes (17, 18), such that once T
cells are found in the intestine, they probably tend to
stay there. Because migration outward, i.e., from the
intestine to the systemic lymphoid tissue, is unlikely,
the finding of common expanded peaks in the intestine
(colonic LP) and MLN leads to the hypothesis that the
initial T cell activation may occur outside the colonic
LP. Perhaps dendritic cells in the mucosa systemically
transport bacterial or other relevant gut-derived anti-
gens (19-21). On the other hand, it was shown that a
subset of LP lymphocytes enter the recirculating lym-
phoeyte pool, e.g., thoracic duct, while over 70% of the
LP lymphocytes are composed of the continual entry of
cells from the common lymphocyte pool (17, 22).

Development of Pathogenic CD4* T Cells with
Oligoclonal/Public Clones in Different
IL-10-Deficient Mice with IBD

We further performed the spectratype analysis of the
TCR VB repertoire by using IL-10 KO mice with a
different genetic background (C57BL/6) and from con-
ventional housing conditions free of specific pathogens
in order to address two issues: (i) Are there common
clones in different IL-10-deficient mice? (ii) Are normal
LP lymphocytes as oligoclonal as are those in IL-10-
deficient mice? Thus, we purified CD4"* T cells by FACS
from IL-10 KO mice (Osaka-1 and Osaka-2) with coli-
tis, IL-10 KO mice (Osaka-3 and Osaka-4) without
IBD, and normal C57BL/6 mice. Three sets of immu-
noscope analysis were done by using Cg8, J8 2.1, and J3
2.4 run-offs. We chose the J82.1 and JB2.4 from 12
kinds of JB8 subfamilies based on our previous study
that JB2.1 and JB2.4 were dominantly used in the
pathogenic T-cell clones in TCR-a chain-deficient mice
with IBD (5). In addition, when dominant subsets
(TCR Vp6, V88.1/8.2, and VB14) of the CD4* T cells
isolated from the colonic LP of diseased Osaka IL-10-
deficient mice were analyzed for the CDR3 TCRS dis-
tribution with all 12 JB primers, J32.1- and J52.4-C8
run-offs preferentially gave clonal skewing peaks (data
not shown). This was the additional raticnale for the
selection of particular JB2.1 and JB2.4 in the following
run-off analysis.

Although the results were complicated due to indi-
vidual variability in the disease progression, several
disease-related public clones were present in the colons
of IL-10-deficient Osaka mouse 1 and Osaka mouse 2
with IBD (Fig. 3). Distinct colitis-related private clones
were noted also in the individual diseased mice (Fig. 3).

A Gaussian distribution of CDR3 lengths was ob-
served in all the VB and CB run-off products of the
colonic as well as peripheral MLN CD4" T cells iso-
lated from IL-10-deficient Osaka mouse 1 with IBD,
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FIG. 2, CDR3§ size distribution among colonic CD4" T cells isolated from different IL-10-deficient mice with IBD. C57BL/6 X 1290la
mixed-background IL-10-deficient mice with IBD were maintained under specific pathogen-free conditions at the La Jolla Institute for
Allergy and Immunelogy. The Immunoscope analysis was performed as described in the legend of Fig. 1. Depicted are the CDRS profiles from
I1-10-deficient mice 1, 2, and 3 for selected V3-C8 PCR amplification with the indicated V8 primers. Arrows indicate expansions discussed
in the text. The intensity of fluorescence is presented in arbitrary units as a function of CDR3 length in amino acids, and a CDR3 length of

particular aa is indicated. The peaks are spaced by 3 nucleotides.

which was maintained in a conventional animal facil-
ity (Fig. 3). However, when particular J8 run-offs were
performed, the Gaussian distribution of CDR2 sizes for
the colonic VB-CB run-off did not reflect the true diver-
sity of the response in the IL-10 KO Osaka mouse 1
with IBD. Clonal expansion of the CDR3 region was
cbserved in the colonic V310-J82.1 and V813-J82.1
run-off of Osaka mouse 1. The predominant peaks bore
TCR lengths of 9 aa, in the CDR3 region. In addition,
when a Jf2.4 run-off was performed, a single predom-
inant CDR3 region peak was detected for the V38.2
and V313 subsets of colonic CD4* T cells from Osaka
mouse 1, composed of 10- and 6-amino-acid CDR3 re-
gion lengths, respectively. The paucity of clones in JB
run-offs for the colonic CD4* T cells was also observed
in Osaka IL-10 KO mouse 2 with IBD. Clonal skewing
of CDR3 length was noted in the colonic V38.1-J82.1 (9
aa), VB8.2-182.1 (9 aa), VB13-JB2.1 (9 aa), VB14-J82.1
{6 aa), VB13-JB2.4 (9 aa), and VB14-J32.4 (9 aa).
There seemed to be a tendency for the colonic LP
lymphocytes of IL-10-deficient mice (Osaka 1 and
Osaka 2) with IBD to have reduced diversity compared
to LP lymphocytes of the IL-10-deficient mice without
IBD (Osaka-3 and Osaka-4) and wild-type C57BL/6
mice. No obvious clonal expansion was seen for nondis-
eased IL-10-deficient as well as wild-type C57BL/6
mice in the CDR3 size profile for each V8-C8 PCR
product. In addition, analysis of J8 run-offs of colonic

CD4™ T cells in nondiseased IL-10-deficient and
C57BL/6 mice confirmed their polyclonality, as the
CDRS3 size distribution for each Jg8 primer extension
reaction was also Gaussian. However, expansion of
some VS-J8 combinations was occasionally observed in
colonic LP of IL-10 KO Osaka mice without IBD and
wild-type C57BL/6 mice (such as the VB14-J82.4 com-
bination in IL-10 KO Osaka-3 and the Vp10-J52.4
combination in C57BL/6 mice). These scattered expan-
sions were not disease-related since they did not have
sequence homology to the disease-related clone (see
below). Thus, they may reflect individual responses to
antigens irrelevant to IBD, although their role in IBD
is not excluded.

Another interesting finding, and the most striking, is
the sharing of predominant CDR3 lengths between the
two different diseased IL-10 KO Osaka mice for the
dp2.1 and JB2.4 run-offs. For JB2.1, there is concor-
dant V313 (9 amino acids). For J82.4, there are shared
peaks of VB13 (9 aa). This seems to be a higher degree
of sharing or public specificities than was seen in the
CD4*, CD45RB™® T cell transfer model (16). It is con-
ceivable that a model that takes months to develop
IBD, such as IL-10 KO mice, might select for public
clones less than in the more acute model of disease that
results from CD4*, CD45RBY® cell transfer (16). Fur-
thermore, in animals with an intact immune system,
there is probably more regulation by other T cells and
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selection for particular clones (23-27). When T cells are
placed into an immune-deficient animal, they first un-
dergo homeostatic proliferation to fill the “empty”
space of the immune organs (28). Thus, the CD45RB™"
transfer model would give a different result from spon-
taneous models, including the IL-10-deficient mice.

In contrast, there is a relatively low level of sharing
of the TCR repertoire in unimmunized inbred mice
(29), a finding which might be due to stochastic ele-
ments in the antigen receptor gene rearrangement and
selection processes. In addition to differences in the
naive repertoire, small differences in the time of en-
counter with antigen may be critical to the preferential
expansion of particular T cell clones (30).

Determination of the DNA Sequence of the Predominant
Clones That Were Shared in Diseased
IL-10-Deficient Mice

There seemed to be a shared skewing of the CDR3
TCR length among the different diseased IL-10 mice
bred in La Jolla (B6 and 129 mixed background) and
Osaka (B6 background). To this end, we selected the
expanded VB-JB*, CD4” colonic T-cell populations as
well as corresponding MLN T-cell populations as can-
didates for IBD-associated expansions of particular T
cells at the onset of the disease. The populations were
as follows: (i) La Jolla IBD mouse 1; V812-J82.4 and
VB13-J82.1 in colonic and MLN CD4"T cells. (ii) La
Jolla mouse 2; VB10-JB82.1, VB11-J82.1, and V312-
JB2.4 in colonic and MLN CD4" T cells. (iii) La Jolla
IBD mouse 3; VB8.2-Jp2.4, VB10-J82.1, VB12-J582.4,
and VB14-J82.4 in colonic and MLN CD4* T cells. (iv)
Osaka IBD mouse 1; V38.2-J82.4, VB813-J52.1, and
VB14-JB2.4 in colonic and MLN CD4" T cells. (v)
Osaka IBD mouse 2; V38.1-J82.1, VB8.2-J82.4, VB13-
Jp2.1, VB13-Jp2.4, and VB14-J82.4 in colonic and
MLN CD4" T cells. (vi) Osaka IL-10 mouse 3 without
IBD; VB10-JB82.1, VB13-J52.1, and VB14-J82.4 in co-
lonic and MLN CD4" T cells. (vii} Osaka IL-10 mouse 4
without IBD; VB8.2-J82.4, VB13-JB2.1, and VB14-
JB2.4 in colonic and MLN CD4" T cells. We then de-
termined DNA sequences to identify public clones, i.e.,
clones shared between Osaka and La Jolla IL-10 KO
mice with IBD. Eight to 36 clones were analyzed for
DNA sequence for each amplified V3-J8 combination.
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As shown in Figs. 4A and 4B, some public CDR3
motifs were shared between colonic CD4" T cells iso-
lated from IL-10-deficient mice with IBD maintained
in Osaka and those maintained in La Jolla. The most
frequently shared motif was SXDWG, which was
shared in the La Jolla IBD mouse 1 (V813-J82.1) at a
frequency of 12/12 (Fig. 4A), La Jolla IBD mouse 2
(VB10-J82.1) at 4/8 (Fig. 4A), La Jolla IBD mouse 3
(VB10-JB2.1) at 14/24 (Fig. 4A), Osaka IBD mouse 1
(VB8.2-dp2.4 at 3/7 and VB14-JB2.4 at 5/14; Fig. 4B),
and Osaka IBD mouse 2 (V3813-J32.4 at 2/23 and V314-
Jp2.4 at 1/21; Fig. 4B). Another interesting public mo-
tif was SATGNYAEQ, which was shared in the Osaka
IBD mouse 1 (VB13-JB52.1) at 30/33 (Fig. 4B) and
Osaka mouse 2 (VB13-J52.1) at 12/27 (Fig. 4B).

These shared motifs were not seen in the peripheral
lymphoid tissues, i.e., MLN of either the diseased La
Jolla or Osaka mice (Figs. 4A and 4B). Finally, it was
important to confirm that the motifs were not seen in
the nondiseased IL-10 KO mice in order to determine
whether the motifs were truly IBD-specific. As shown
in Fig. 4C, the SXDWG and SATGNYAEQ motifs were
not seen in the colons and MLN of nondiseased IL-10-
deficient Osaka mouse 3 and Osaka mouse 4. Thus, the
common motifs might see a public gut-derived antigen
which is important for the development of pathogenic
CD4" T cells in this colitis model. In terms of an SX-
DWG motif using a flexible VB-J8 rearrangement, it
may be that an epitope drives the onset of IBD. In this
regard, it was reported that mice lacking the TCR Vy 5
chain retained a conformational determinant by using
“shuffled TCR v chain” (31). In our case, the selection of
VB-JB usage is perhaps stochastic in individual mice;
however, the epigenetic generation of the SXDWG mo-
tif in different VB-DB-JB combinations by recombina-
tion machinery followed by selection in the gut envi-
ronment could be crucial for the triggering of IBD.

It is possible that the public motifs SXDWG and (or)
SATGNYAEQ are derived from commensal bacterial
antigens. In support of this view, it has been reported
that IL-10-deficient mice housed under germ-free con-
ditions remained healthy, while those housed under
conventional and SPF conditions developed colitis after
weaning (10, 32). In addition, the data obtained from a
CD4*, CD45RB"*" T-cell adoptive transfer model with
reduced flora-bearing SCID mice suggest that bacteria

FIG. 3. Comparison of CDR3g size distribution of CD4* T cells isolated from colonic lamina propria and mesenteric lymph nodes of
IL-10-deficient mice with IBD with those of IL-10-deficient mice without IBD and wild-type C57BL/6 mice. C57BL/6 background IL-10-
deficient mice were maintained under conventional conditions at the animal facility of Osaka University. The Immunescope analysis was
performed a5 described in the legend of Fig. 1. Depicted are the CDR3 profiles for selected VB-Cg, V3-J82.1, and V3-J52.4 PCR amplifications
with the indicated VB primers. One representative of two different mice is shown both in IL-10-deficient mice without IBD and in C57BL/6
mice. E indicates expansions discussed in the text. G and PG mean Gaussian-type and pseudo-Gaussian-type distribution of the CDR TCR
B length, respectively. The intensity of fluorescence is presented in arbitrary units as a function of CDR3 length in amine acids, and a CDR3
length of particular aa is indicated. The peaks are spaced by 3 nucleotides.
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FIG. 4. (A-C) Identical clones can be found throughout the colonic LP of different IL-10-deficient mice with IBD. Translated amino acid
sequences of expanded clones in colonic LP and their counterparts in respective MLN are shown. Amplifications were done using the
indicated V8 and J8 primers from the indicated IL-10-deficient mice with or without IBD. Primers pairs were chosen based on fragment
length analysis showing the presence of a predominant V8-J8 CDR38 length in coloniec LP. However, the VB-J@ amplification products were
shotgun-cloned without any selection for rearrangements of the predominant size. The predominant or expanded sequence is indicated, and
the detection frequencies are determined by the number of sequences with the listed CDR3 sequence out of the total number of sequences
generated for the particular VB3-J8 combination in the mouse indicated.
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FIG. 4—Continued

or bacterial products likely are important in the more
rapid kinetics of homing of pathogenic T cells to the
large intestine, their subsequent expansion, and the
enhanced susceptibility of the large intestine to inflam-
mation (33). Thus, additional experiments will be re-

quired to determine what particular antigens from bac-
teria or other microorganisms mediate the development
of the pathogenic T cells and drive the onset of the colitis.
Otherwise, because bacteria also can stimulate inflam-
matery cytokines and chemokine secretion by intestinal
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FIG. 4—Continued

epithelial cells (34), the presence of a higher bacterial
load in the large intestine may provide a non-Ag condi-
tioning factor that makes the intestinal tissue more sus-
ceptible to colonizing by T lymphocytes with a variety of
specificities.

It is intriguing that public clones were present in the
IL-10-deficient mice from both Osaka and La Jolla.
Although the frequency of the public motif found in the
diseased sites was variable, it is still possible that an
identical/common antigen is involved in the murine
model. If one can identify these clones from the periph-
eral blood as well (using CDR3-specific primers), one
could predict the time to disease onset by clonal anal-
ysis. Furthermore, it is important to determine

whether this clone drives disease onset or whether this
clonal expansion is a preduct of the disease. If the
clonal expansion of a public clone is causative, transfer
of this clone should induce the disease in recipient
animals.

Analyses of human IBD have provided some evi-
dence for shared clones in peripheral blood CD4* T
lymphocytes of identical twins concordant for Crohn’s
disease (35) and for shared sequence motifs in acti-
vated CD4" and/or CD8" T cells of the intestinal mu-
cosa from unrelated individuals with IBD (36), Similar
to the results from our analysis of diseased mice, how-
ever, in all these cases private or individual TCR expan-
sions greatly outnumber the public clones identified.
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Although the bacterial microflora may be important
in disease pathogenesis (37), not all bacteria have the
same capacity to induce inflammation. Some bacteria
that are considered to be probiotics, such as the various
Lactobacillus species, prevent colitis from occurring in
IL-10-deficient animals living under specific pathogen-
free conditions (38). On the other hand, Helicobacter
hepaticus caused colitis when introduced into patho-
gen-free IL-10-deficient mice and not in immune-com-
petent controls (39).

Sutton et al. (40) recently isolated a novel microbial
I2 antigen by using representational difference analy-
sis. Bacterial 12 antigen was specifically localized to
mucosal lesions in human Crohn’s disease. In vitro
CD4" T-cell proliferation and cytokine assays revealed
that there were memory CD4" T-cell responses to bac-
terial 12 antigen in murine IBD models, including IL-
10-deficient and TCR a-chain-deficient mice (41). Al-
though those workers have not done repertoire studies
on I2-reactive T cells, it will be of interest to learn
whether I2-reactive T cells have the public motifs
SXDWG or SATGNYAEQ.
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