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Epidermal growth factor (EGF} family members, induding epiregu-
lin (EP), play a fundamental role in epithelial tissues; however, their
roles in immune responses and the physiological role of EP remain
to be elucidated. The skin has a versatile system of immune
surveillance. Biologically active IL-1« is released to extracellular
space upon damage from keratinocytes and is a major playerin skin
inflammation. Here, we show that EP is expressed not only in
keratinocytes but also in tissue-resident macrophages, and that
EP-deficient (EP~/~) mice develop chronic dermatitis. Wound heal-
ing in the skin in EP~/~ mice was not impaired in vivo, nor was the
growth rate of keratinocytes from EP~/~ mice different from that
of WT mice in vitro. Of interest is that in WT keratinocytes, both
IL-1x and the secreted form of EP induced down-regulation of /L-18
mRNA expression, which overexpression in the epidermis was
reported to induce skin inflammation in mice, whereas the down-
regulation of /L-18 induced by IL-1a was impaired in EP~/~ kera-
tinocytes. Although bone marrow transfer experiments indicated
that EP deficiency in non-bone-marrow-derived cells is essential for
the development of dermatitis, production of proinflammatory
cytokines hy EP~/~ macrophages in response to Toll-like receptor
agonists was much lower, compared with WT macrophages, whose
dysfunction in EP~/~ macrophages was not compensated by the
addition of the secreted form of EP. These findings, taken togather,
suggested that EP plays a critical role in immune/inflammatory-
related responses of keratinocytes and macrophages at the barrier
from the outside milieu and that the secreted and membrane-
bound forms of EP have distinct functions.

he system of epidermal growth factor (EGT) superfamily (1)

and EGF receptor (EGER) family, including BGTR (ErbB1),
ErbB2 (HER2), EbB3 (HER3), and ErbB4 (FIER4) (2), play a
fundamental role in epithelial tissues. EGF family members, in-
chiding EGF, transforming growth lactor-e, amphiregulin, heparin-
binding EGF (HB-EGF), epiregulin (EP), and other members,
regulate these receplors by inducing their homo- and/or hetero-
oligomerization (2, 3). EGF family members vary in their ability to
activate distinct ErbB helerodimers, and this mechanisim may, in
part, account for the differences in their bioactivities {4-7).

The membrane-anchored precursor of the EGF family is enzy-
matically processed externally o release a mature soluble [orm that
acls as autoerine and/or paracrine growth factor (8, 9), whereas
some members of the LGE family act in the membrane-anchored
form (8, 10). A bioactive transmembrane precursor, pro-HB-EGF,
was suggested to induce growth inhibition or apoptosis rather than
the proliferative response induced by soluble HB-L:GF (10). EP
{11-17} acts as an autocrine growth factor in normal human
keratinocytes in vitro (15); however, its physiological rale in vivo still
remains to be elucidated.

Keratinocyles in the epidermis play critical roles in Lhe cotaneous
immune-related responses (18) and contain biologically active
1L~1ae {19}, which is released 1o extracellular space upon damage
and is a major player in skin infllammation (20). Overexpression of
1L-1e in murine epidermis produces inflammatory skin lesions,

www.pnas.org/cgirdei/ 10,1073/ pnas. 0404217101

indicaling the critical role of IL-le in skin inflagunation (21). On
the other hand, 1L-18 is stored as a biologically inactive precursor
form in keratinocytes, and overexpression of IL-18 in the mouse
skin was reported to indoce inflammalory skin lesions without
imducing allergen-specific IgE production (22).

Macrophages normally reside in lissues and beneath mucosal
surfaces and [unction at the front line of immune defense against
incoming pathogens through ingestion of bacteria by phagocylosis,
destruction of bacteria, and recruitment of inflammatory cells to
the site of infection by using soluble mediators (23} Toll-like
receptors (TLRs) (24, 25), which recognize moleeular patterns that
are common and shared by many microbial pathogens, are ex-
pressed o antigen-presenting cells (APCs), including macrophages
and dendritic cells: TL.R4 to lipopolysaccharide (LPS), TLR2 to
peplidoglycan (PGN), and TILRS (o Cpl( DNA.

Here, we show the critical role of EP in immune /inflammatory-
telated responses of keratinocytes and macrophages through the
establishinent and analysis of EP/ mice.

Methods

Generatlon of EP-Daflclent Mice. We isolated the genomic DNA of
the EP gene from a 129/8v mouse genomic library (Stratageney and
constructed the targeting veetor by replacing a 6.5-kb Sall-Xhol
fragment containing exons 2-5 (Y0% of the coding region) of the
EP gene, with a pGKpeo cassette with opposite transcriptional
otentation. The 5" and 3" arm of the targeting construct was
composed of 2.0-kb and 11.0-kb genomic DNA, respectively. Diph-
theria-toxin A fragmenl cassette (D'T-A) [lanked the 3’ genomic
arm. The targeting vector was linearized with Sall. The mutant
embryonic stem cells were microinjected into C5TBL/6 blaslocysts
as described (26), and the resulting male chimeras were mated with
C37BI./6 mice. Heterozygous offspring were inlercrossed to obtain
EP-deficient mice.

Histopathology. Tissucs were fixed in 4% paraformaldchyde, ¢m-
bedded on paraflin, and stained with hematoxylin/eosin. Mast cefls
and eosinophils were <detected by toluidine blue and Luna staining,
respectively.

Quantification of Serum Ig Isotype Concentration. Blooad saruples
were obtained [rom mouse eye vein. Serum [g isotype concentra-
tion was determined by using an ELISA kit (Bethyl Laboratories,
Montgomery, TX).
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Preparation of Mice Macrophages and Keratineeytes. Peritoneal
macrophages were isolated as deseribed (27). Bone marrow-derived
macrophages were generated as described (28). Primary epidermal
keratinocyles were prepared from neonalal foreskins as described
{29), then cultured on plates coated with 30 pgml ! type 1 collagen
(TOYOBQ, Tokyo} in Keralinoeytes-SFM (GIBCO/BR L) with 50
ng-ml™! bovine pituitary extract (BPE), 10 ng-ml™ recombinant
murine EGIF (Signa), and 0.03 mM CaCly (9). Keratinoeytes {2 X
10% perwell in a 24-well plate) were cultured without BPL and GF
for 24 h, then stimulated with recombinant mouse TP (rmTP) (R
& D Systems) or recombinant mouse I1-1a (PeproTech), and
mRNA expressions were determined by RT-PCR.

Quantification of Cytokine Concentration of the Culture Supernatants.
Peritoneal macrophages (5 X 10° per well) or bone marrow-detived
mactophages (§ X 10° per well) were cultured in 12-well plates for
24 h, then stimulated with rmEP, LPS, PGN, or CpG [LPS [rom
Salmonella ryphinerivm (Sigma);, PGN from Staphylococcus aureus
(Fluka), CpG oligodeoxynucleotide (§'-TCCATGACGTTCCT-
GATGCT-3") (Sigma)]. The culture supernatants were subjected to
I-6, IL-12p40, and tumeor necrosis factor (TNF)-a by ELISA kit
(BioSource International).

Isolation of RNA and RT-PCR. Epidermis was isolated from the ear.
T, B, CD1ib™, and CD1le* cells were isolated by magnetic cell
sorfing (MACS) (Millenyi Biotec, Avburn, CA). Total RNA from
the tissues and sorted cells were isolated by ISOGEN (Nippen
Gene, Toyama, Japan), and total RNA from primary epidermal
keratinocytes and bone marrow-derived macrophage (BMDM)
were isolated by using the RNeasy Mini kit (Qiagen, Valencia, CA).
First-strand cDNA were synthesized from 1 pg of total RNA by
Omniscript Reverse Transeriptase (Qiagen), and PCR was done by
using LAtaq polymerase (Takara Shuzo, Kyoto) and gene-specific
primers: for L2, 5 TTGOGGTCITGACGCTIGCTITTGL-3 and
S TGAGGITCACICICATATIC-3 for IL-18, 5" -ATGGCIGC-
CATGTCAGAAGACTCT3 and 5'-ACTCCATCTTGTTGT-
GTCCTGGAAC-3; for TLR2, §'-TCTCCTGTTGATCTT-
GCTCGTAGG-3' and §'-TTACCCAAAACACTTCCT-
GCTGGC-3", for TILR4 5 -TCAGTCTTCTAACTTCCCTC-
CIGC-3 and S-AGCTGTCCAATAGGGAAGCTTTCT-3; for
NODI, 5'-CAGATAACTGATATCGGAGCCAGG-3 and 5'-
TTTGGCCTCCTCOGGCTTAATCAAY,; for NODZ, 5'-
AAGCAGAACTTCTTGTCCCTGAGG-3" and 5 -TCACAA-
CAAGAGTCTGGCGTCCC-3, for MD2, 5-ATGTT-
GCCATTTATTCTCTTTTCGACG-3" and 5-ATTGACAT-
CACGGCGGTGAATGATG-3"; GAPDIT primers were from
Clontech. The optimal cycle number for each gene was determined
cnipirically under nonsaturating conditions.

Measurement of T Cell Responses and Growth Rate of Keratinocytes.
CD4* T cells were isolated from spleens of mice immunized with
100 peg of ovalbumin (OVA) emulsified with complete Freund's
adjuvant after 14 days. CD4* T cells (4 X 107 cells) were incubated
with irradiated peritoneal macrophages (5 X 10° cells) in 96-well
plates at the indicated concentration of OVA in RPMI medium
1640 containing 109 TCS for 72 h. They were pulsed with | pCi
(1 Ci = 37 (GBq) [*H|thymidine for the final 12 h, and radiocactivity
was measured by liquid scintillation counting (30). Tor proliferation
assay, primary cpidermal keratinocytes (4 X 10* cells) were plaled
on a type | collagenprecoated 96-well plate and cultured in the
presence of 10 ngml™' EGF, then pulsed with 0.5 pCi of {PH]thy-
midine for the final 8 b, and radioactlivily was measured by using
liquid scintillation counting (29).

Phagocytosis Assay. Muuse peritoneal macrophages (3 X 105 ml™t)
were incubated [or 60 min at 37°C in the presence of 0.75 uM
Muoreseent beads {Polyseiences). These cells were washed with
ice-cold PBS twice and lixed with 2.5% formaldehyde in PBS for 20
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min on ice. Phagocytosis was measured by the percentage of
phagoeytic cells per 100 cells by fluorescent microscopy, as de-
scribed (31).

Cell Staining and Flow Cytometry. Single-cell suspensions were
neubated at 2 X 10¥ cells per 100 pl on ice in staining buffer (PBS
containing 2.53% FCS and 0.01% NaN3) with the mAbs for 15 min
(28). The mAbs used were anti-I-AP, anti-CD80, anti-CD86, anti-
CDA40, and anti-CD11b (Pharmingen). Flow cytometry analysis was
performed on a FACScan cytometer (Becton Dickinson).

Bone Marrow Transplantation. Bone marrow transplantation exper-
iments were done as described (32). In brief, bone marrow cells
were isolated from EP/ and WT mice, and recipient mice were
irradiated (11 Gy) 12 h before injection (iv.)of 2 X 107 donor bone
marrow cells,

Results

EPExpression In Epldermls and Tissue-Resldent APCs. Because human
EP mRNA is expressed predominantly in peripheral blood lym-
phocytes (PBL) (12), mouse EP expression in immunc-related
tissoes was examined by RT-PCR. Mouse EP expression was
detected not only in the epidermis (15) bul also in peritoncal
macrophages, and in macrophages and CD1e dendritic cells in
Peyer's patches (Fig. 14). On the other hand, EP was rarcly
detected in the immune system, including bone marrow, thymus,
lymph nodes, and spleen (Fig. 1A4). Furthermore, mouse EP
expression in PBL was much lower, compared with that in tissue-
resident APCs (Fig. 14). These results suggested that EP may be
involved in the functions of keratinocytes in the epid:rmis and
tissue-resident APCs.

EP Deficiency Results in Dermatitis in Specific Pathogen-Free (SPF)
Conditions. Lo elucidate the function of EP in vive, LP-deficient
mice were gencrated, in which 9092 of the coding region was deleted
(Fig. | B and ). EP~/~ mice were born from heterozygous matings
and seemed o be indistinguishable from WT mice. However,
EPr mice had chronic dermatitis at age 5 months at the earliest,
even under $PF conditions. The rate of dermatitis observed in
EP" mice was «=20%, 509, and 75% at the age of 9 months, 12
months, and 15 months, respectively, in the mixed genctic back-
ground of 1295V/) and C57BL6/) (Fig. 1D), suggesting that a
genelic background and/or environmental faclors affect the de-
velopment of dermalitis in EP~/~ mice.

Pathology of the Skin Leglons in P~/ Mice. Most of the skin lesions
started as focal skin alterations in the ears or faces and gradually
extended to the necks (Fig. 24). The pathological findings of the
skin legions in EP/" mice were typical chronic dermalitis charac-
terized by thickness of epithelial layers and fibrosis with infiltration
of inflammatory cells (Lig. 2B), including mast cells (Fig, 2C) and
cosinophils (Fig, 2D).

Serum lg and Cytokine Concentrations In EP~'— Mice. Serum Ig
isotype concentrations, including IgG1, TgG2a, TaG2b, 1gG3, TgA,
TgM, and IgE, in EP~'" mice were not different from W mice (Fig.
1E). Furthermore, the serum concentrations of cytokines, including
1.-2, I1.-4, 115, 116, [1.-12, I1.~13, IL-18, TNI-a, and 1TI'N-y did
not differ between WT and EP'" mice without dermatilis {data
not shown). All (hese results suggested that dermatitis in EP/~
mice is nol lgB-dependent and systemic immunological disturbance
might not exist in £/~ mice,

Wound Healing Was Mot Impalred In EP~- Mice. Although TP was
reported to be involved in tissue repairing and growth of keratio-
ocytes, wound healing in £P7 mice was nol impaired in vivo (Fig,
3A), nor was Lthe growth rate of keratinocytes from EP/ mice
different from that of WT mice ir vitro (Fig. 3B). These findings
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Fig.1. EPexpressionin mouse immune-related tissues and generation of EP-deficient mice. (A) EPexpression level was determined by using RT-PCR with GAPDH
as control. PBL, peripheral bliood lymphocytes. {8) Schematic representations of 1argeting construct, WT EP genomic DNA, and homologous recombinant (HR)
allele. The numbers denote exons (filled boxes), External probe (ext) used in Southern blot to detect HR events is indicated by a dashed box. The germ-line and
recombinant Kpnl restriction fragments are denoted by lines with anmowheads. Restriction sites: K, Kpnl; R, EcoRL; S, Sall; X, Xhol; neo, pGK-neo; D, diphtheria
toxin A fragment. (C} Southern blot of Kpnl-digested genomic DNA with the external probe. (D) The rate of chronic dermatitis observed in £7- - mice. () Serum
Iy isotype concentration. Serum lg isotype concentration was delermined by ELISA. WT mice {open circles; i1 = 22) and £P ™/~ mice without dermatitis (filled circles;
n = 20} at the age of 4 months. Mean values are indicated by short horizontal lines.

taken, together, suggested that T2P will not play a cruciat role in the
growth of keratinocytes in vivo, which will be possibly duc to the
functional redundancy of the EGF family.

o
. 4,14/52%/%
H

Fig. 2.
dermatitis around the face of ££-/- mice (8 months of age}. (2-D) Chronic
dermatitis in skin in P~ mice. Sections of skin were subjected to staining
with hematoxylin/eosin (8), toluidine blue staining for mast cells {C), and Luna
staining for ecsinophils (D).
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Pathology of the skin legions in EP-deficient mice. {A) Chronic

Induction of EP mRNA Expresslon and Down-Regulation of JL-T8 mRNA
Expression in Keratinocytes by IL-1a. To clucidate the molecular
mechanisms by which EP deficiency leads to dermatitis, we next
analyzed the inflammatory responses of primary keratinocytes
stimulated with 1L-1a (21). 1L-1e induced EP mRNA expression at
1 h after stimulation, and it was recavered to the basal level at§ h
after stimmulation (Fig. 3C). Of note is that [L-1a evidently reduced
the expression of I7.-18 mRNA at 4 h after stimulation in WT-
derived keratinocytes and the reduced IL-18 expression was still
observed at 24 b after stimulation, whereas the decreased IL-18
expression in EP/" keratinocytes was not prominent, compared
with the finding in WT keratinocyles (Fig. 3C). These results,
together, suggested that TL-la-induced down-regulation of I7.-18
expression is impaired in keratinoeytes of EP™/" mrice.

Down-Regulation of IL-18 mRNA Expressfon Induced by the Secreted
Form of EP. To elucidale whether the secreted form of EP (sEP)
alfects the down-regulation of 1£.-18 expression, keratinocytes were
stimulated with rmEP. rmEP reduced I1.-18 expression in WT- and
EP/-derived keratinocytes at 8 h aller stimulation, and there was
no obvious difference between WT and EP/~ (Fig. 3D). The
expressions were still reduced at 24 h after stimulation jn both
keratinocytes, although their expressions were gradually increased
at 24 h (Fig. 3D). These resulls, together, suggested that 1L-la-
induced down-regulation of IL-18 will be, in part, dependent on
sEP. Furthermore, preexposure of keratinacytes with an LGFR
kinase blocker (PD168393) (33) prevented rmEP-induced down-
regulation of f1.-18 expression, whereas a platelet-derived growth
factor receptor (PDGFR) blocker (AG1296) as a control did not do
so (Fig. 3E). These Gndings, logether, suggested that sEP down-
regulates the I1.-/8 expression through EGFR in keratinocytes and
that loss of EP leads to the disturbance of light regulation of IL-18
expression in keratinocytes, which will, in part, cause the develop-
ment of dermatitis in £P/7 mice.
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Fig.3. Disturbance of - 1a-induced downiregulation of IL-18 mRNA expression in £P~/~ mice-derived keratinocytes. (4) Wound healing in WT and £P~'~ mice.
A ful-thickness skin excision (6 mm in diameter) was made on the back of WT (open circles; n = 10) and EP~ {filled circles; n = 10) mice. Values indicate the
mean dizmeter + $D. (8) Proliferation of primary epidermal keratinocytes from WT (open bars) and EP~/~ (filled! bars) mice. Keratinocytes (4 . 10* per well in
a 96-well plate) were cultured, and cell proliferation at the indicated times was determined by [*H]thymidine incorporation, Data shown in triplicate are the
mean + 5D, {Cand D) Down-regulation of JL-18 mRNA expression by IL- 1 {C) and EP {D} in primary keratinocytes. Keratinocytes (2 % 10° per well in a 24-well
plate) were stimulated with 50 ng'm1 ! racombinant mouse IL-1« () and 100 ng:ml~ 1 rmEP {2 for the indicated time, and the expressions were determined by
using RT-PCR. Experiments were repeated five Limes with similar results. (F) Down-regulation of /L-18 expression by EP depends on EGFR. Keratinocytes {2 ¢ 108
perwell ina 24-welt plate} were preincubated with 2 uM of PD 168393 {Calbinchem), 2 1M of AG1296 (Calbiochem), or vehicle for 30 min, followed by incubation

with 100 ngmI=1 tmEP in culture medium for 12 h. The expressions were determined by using RT-PCR,

Loss of EP In Non-Bone-Marrow-Derived Cells Is Essential for the
Develepment of Dermatitis. To clucidale that EP expression inwhich
cells, keratinocytes, or bone marrow-derived cells including mac-
rophages Is essential for the proper homeostasis of the skin region,
bone marrow transfer experiments were done. The chimera mice,
in which WT-derived bone marrow cells were transplanted into
EP-t mice, developed dermatitis, but not vice versa (Table 13,
suggesting that loss of EP in non-bone-marrow-derived cells will be
essential for the development of dermatitis and Lthat EP expression
in keratinoeytes may be critical for the homeostasis of the skin.

Antigen Presantation and Phagocytosis of Peritoneal Macrophages.
As FP was strongly expressed in tissue-resident macrophages (Fig,
1A}, we focused on the functions of peritoneal macrophages. First,
we examined the potential of antigen presentation of macrophages
through T cell responses to the antigen by using immunized mice
with ovalbumin. There was no significant difference in proliferation
of T cells from the immunized WT and EP~/~.mice, when stimu-
lated by WT- or EP"/".derived peritoncal macrophages with
ovalbumin (ig. 44), indicating that anligen presentation of mac-
rophages and the T cell responses were not jropaired in EP ' mice.
Furthermore, the potential of phagocytlosis was not impaired in
macrophages from EP~/= mice (Tig. 4B).

Table 1. Bone marrow transplantation

Recipient Donor Drermatitis*
WT Ep-i- 0/7
Ep-i- WT 8/10

The number of mice with dermatitic was determined 6 months after
transplantation.
*The number of mice with dermatitis,/the number of recipients.

13924 | www.pnas.org’egi/doi 10,1073 /pnas.0404217101

Low Responsiveness to TLR Agonists In Proinflammatory Cytokine
Praduction by £~ Peritoneal Macrophages. To elucidate a possi-
bility that EP is involved in the innate immunity, we examined TLR
signaling in macrophages. LPS induced surface expressions of
CD80, CD8S, and CD4Y, by periloneal macrophages [rom W1 and
EP" mice, and differences were not observed betweea WT and
EP~ (data not shown). However, 11-6 and TNF-« productions
were remarkably reduced in macrophages from EPF mice in
respanse to LPS and PGN, compared with findings in WT mice
(Fig- 4 C and ).

Membrane-Anchored EP, but Not Secreted EP, May Play Critical Roles
in LPS- and PGN-Induced Proinflammatory Cytokine Production by
Macrophages. To elucidate molecular mechanisms underlying
the low responsiveness to TLR agonists, we analyzed BMDM. The
three TR agonists, including L.PS, PGN, and CpG, induced the
MHC class I molectle 1-AY and costimulatory molecules, including
CD80, CD&6, and CD4O, by WT- and EP/~ derived BMDM, and
there was no difference in the surface expressions of these mole-
cules between WT- and EP~/~-derived BMDM (Fig. 47 and data
not shown). Obvious differences of the responses were observed in
the 16, I1-12, and TNF-« secretion by BMDM between WT and
EP~/ mice, when stimolated with LPS and PGN, but not CpG (Fig.
4 F-H). Expression levels of TLR-2, TLR-4, nuclevtide-binding
ofigomerization domain I (NODI), NOD2 (34), and MD-2 (28) in
EP- mice-derived BMDM were not different from lindings in
WT mice (Fig. 4K). These resulls, together, suggested that EP
affects the TLR4- and TIR 2-mediated signaling in macrophages.

Furthermore, the addition of rmEP to LPS stimulation did not
show differences in cytokine production, compared with a single
LPS stimulation (Fig. 4I), suggesting that sEP does not affect
these responses, although LPS and PGN did induce rapid EP
expression in macrophages (Fig. 4L}, Preesposure of BMDM
with high concentration of PD168393 before LPS stimulation

Shirasawa et al.
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Fig. 4. TLR agonist-induced proinflammatory cytokine production in macrophages. {A) Shown are proliferative responses of T ¢ells to the immunized antigen
presented by macrophages. T cell proliferation to the irradiated peritoneal macrophages with the indicated concentration of ovalbumin was evaluated by
[*H|thymidine incorporation. M, macrophage. (8) Activity of phagocytosis of macrophages. Phagocytosis of fluorescent beads by macrophages was determined
by using fluorescent microscopy. Solid bars, £ mice; open bars, WT mice). The values are the means + SD of three independent experiments, {C and D)
Production of 1L-6 (O and TNF-u (D} by the peritoneal macrophages stimulated with LPS (100 ng'ml~%, PGN (10 ug-mi~'), and EP {100 ng'mi~1), Cytokine
concentration in the supernatant after 24 h was examined by using ELISA, Fxperiments were repeated five times n triplicate with similar results. Data shown
inttiplicate are the mean + SD. Shown are WT {open bars) and £P~/~ {filled bars). (E) Surface expression of CD40 on the BMDM stimulated with LPS {100 ng-mi-Y),
PGN (1 sgml ), and CpG (1 pngeml-1). Expressions were determined at 24 h after stimulation by FACS. (F-H) Production of IL-6 (F), TNF-« {G), and |1-12p40 {H)
by the BMDM stimulated with LPS, PGN, and CpG, respectively. (1} Production of IL-6 by the BMDM stimulated by rmEP (100 ng'ml~1}in addition to LPS stimulation.
() Production of I1-6 by the BMDM stimulated with LPS in the presence of EGER blocker. BMDM (5 x 10% per well in 12-well plates) were preincubated with 2
1M or 20 uM of PD 168393 for 30 min, followed by stimulation with LPS {100 ng'ml™"). Cytokine concentration in the supernatant after 24 h was examined by
using ELISA. Experiments were repeated five times in triplicate with similar results. Data shown in triplicate are the mean -+ $D. Shown are WT {open bars) and
EF~ {tilled bars). (K) Exprassion of Toll-like receptor 2 {TLR2), TLR4, nudeotide-binding oligomerization domain 1 (NODT), NOD2, and MD-2 in BMDM from
WT and EP~/~ mice, The expressions were determined by RT-PCR. (i) Induction of £P expression by LP$ and PGN in peritoneal macraphages. Peritoneal
macrophages were stimulated with 100 ng-ml~1 LPS and 1 ug-mi=1 PGN for the indicated time, and the expressions were determined by RT-PCR.

seemed to reduce the total amount of IL-6 production (35);  Discussion

however, the obvious difference in 11.-6 secrelion belween W . . .. . .
s v 16 ! Here, we demonstrate that E£P deficiency results in chronic

and EP7"" BMDM siill existed (Fig, 4), indicating that the
difference is not dependent on EGFR-mediated signaling. All
these results suggested that the membrane-anchored EP will play
critical roles in (he cytokine production by macrophages and/or
in macrophage differentiation (17, 36).

Shirasawa et af.

dermatitis in mice and that EP is physiologically a critical
molecule for tight controf of I1L-18 mRNA expression of kera-
tinoeytes and for proper production of proinflammatory cyto-
kines by macrophages in response to LPS and PGN,
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Wouund healing in the skin in EP"/" mice and the growth of in
EP ' keratinocytes were not impaired (F ig. 34 and B), suggesting
that dermalitis in EP*"* mice will be caused rather by the dysregu-
lation of immunc-related responses of the skin, but rot due 1o (he
dysfunclion of the proliferative activilies of keratinocytes. Skin is
the place to be damaged frequently, and indigenous bacteria exist
in the epidermis, the barrier from the oulside milieu. It is intrigning
that a member of the EGF family is critically involved in itnmune
regulation of keratinocytes and macrophages. Elucidation of the
functions of the IGT family on APCs and epithelial cells in immune
regulation might lead to a better understanding of immune defense
al the primary interface between the body and the environmen( and
might provide insight into the pathogencsis of inf lammatory epi-
thelial disorders.

IL-1a rapidly induced EP expression in keratinocyles (Fig. 3C)
and the skin lesions in £P~'~ mice were mostly restricted to faces
and ears, suggesting that IL-1e release by repeated grooming-
induced injury may accumulate 1118 in the skin of EP~~ mice,
resulting in the initiation of development of dermatitis in £P-/
mice (22). T1.-1a alone did not induce the active form of IL-18 by
primary keratinocyles (data not shown), suggesting Lhat some
particular signals, in addition to 1[.-1a, may be necessary for the
production of the active form of 11-18 by keratinocytes. On the
other hand, dysregulation of 1L-18 expression in the skin legions in
EP'~ mice in vive was not constantly observed (data not shown),
suggesting that dysregulation of IL-la-induced JL-78 down-
regulation may pot be involved in the promotion of dermatitis.
Because TI-lo-deficient mice do not develop dermatitis (37,
analysis of TP/ /Il~la/" doubly mutant mice will show the
relation between I1-1ee and EP for the development of dermatitis
in EP" mice.

Bone marrow transfer experiments supported (he critical role of
EP in keratinocytes for homeostasis of the skin; however, there are
possibilities that LP by keratinocytes might affect the function
and/or diflercntiation of tissue-resident macropha ges and that loss
of EP in macrophages might affect the progression of dermatitis.

Although EP expression in other epithelial tissues was not
extensively examined in this study, there is a possibility that EP
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might be involved in immune/inflammatory responses in other
epithelial tissues, incloding intestine and lung, Dendritic cells (DCs)
injtiate and regulate immune responses, linking innate and adaptive
immunily (38). EP expression in Langerhans cells, the DCs in
epidermis (39, 40), was pot determined in this study, whereas TP
expression in DCs in Peyer’s patches was steongly observed, There
might be a possibility that EP plays a crucial role not only in DCs
in Peyer’s patches but also in Langerhans cells.

The sEP is involved in the 1L.-la-induced down-regulation of
IL-18 expression (Fig. 3D) and the mechanism by which sBP
regulates £1.-18 expression depends on the EGFR (Fig. 3F). On the
other hand, addition of sEP or EGEFR blacker did not affect the
proinflammatory eytokine production by macrophages (Fig. 41 and
J), suggesting that the membrane-anchored EP may be involved in
the proinflammatory cylokine production by macrophages stimu-
lated with LPS and PGN through non-EGFR-mediated signaling,
A hioactive membrane precursor, pro-HB-EGF, funclions as the
diphtheria toxin receptor in primates (41) and distinctively signals
growth inhibition or apoplosis rather than the proliferative re-
sponse induced by soluble HB-EGF (10). Like HB-EGF, sEP and
membrane-anchored EP will have distinct [unction and there might
be a possibility that membrane-anchored EP transduces signals into
the own cells as receptor (8).

In conclusion, we have demonstrated that £P* mice are
susceptible for the develepment of dermatitis even in specific
pathogen-free conditions and thal sEP is eritical for the proper
regulation of IL.-78 in keratinocytes and membrane-anchored TIP
will be essential for the proper proinflammatory cytokine produc-
tion in response to LPS and PGN by tissue resident macrophages.
Further elucidation of EP function may shed light on epithelial
inflammatory disorders.
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Ectopic CD40 Ligand Expression on B Cells Triggers Intestinal
Inflammation®

Takahiro Kawamura,?* Takanori Kanai,”* Taeko Dohi,* Koji Uraushihara,* Teruji Totsuka,*
Ryoichi liyama,* Chikara Taneda,* Motemi Yamazaki,* Tetsuya Nakamura,*
Tetsuya Higuchi," Yuichi Aiba,' Takeshi Tsubata,’ and Mamoru Watanabe*

Several studies indicate that CD4% T cells, macrophages, and dendritic cells initially mediate intestinal inflammation in murine
models of human inflammatory bowel discase. ITowever, the initial role of B cells in the development of intestinal inflammation
remains unclear. In this study we present evidence that B cells can trigger intestinal inflammation using transgenic (Tg) mice
expressing CD40 ligand (CD40L) ectopically on B cells (CD40L/B Tg). We demonstrated that CD40L/B Tg mice spontancously
developed severe transmural intestinal inflammation in both colon and ileum at 8-15 wk of age. In contrast, CDAOL/B
Tgx CD40~'~ double-mutant mice did not develop colitis, indicating the direct involvement of CD40-CD40L interaction in the
development of intestinal inflammation. The inflammatory infiltrates consisted predominantly of massive aggregated, IgM-posilive
B cells. These mice were also characterized by the presence of anti<olon autoantibodies and elevated IFN-y production. Fur-
thermore, although mice transferred with CD4* T cells alone or with both CD4* T and 13220 B cells, but not 3220* cells alone,
from diseased CD40L/B Tg mice, develop colitis, mice transferred with B220" B cells from diseased CD40L/M Tg mice and Cb4*
T cells from wild-type mice also develop colitis, indicating that the Tg I3 cells should be a trigger for this colitis model, whereas
T cells are involved as efectors. As it has been demonstrated that CD40L is eclopically expressed on B cells in some autoimmune
diseases, the present study suggests the possible contribution of B cells in triggering intestinal inflammation in huoman inflam-

matory bowel disease. The Journal of Immunelogy, 2004, 172: 6388-6397.

rohn's disease (CD)* and ulcerative colitis (UC) are the

two major forms of chronic inflammatory bowel disease

(IBD). Although their etiopathology remains unknown,
increasing evidence has shown that an immune mechanism plays
an important role in their pathogenesis (1-3). These include in-
creased T cell infiltrates into gut, the production of eytokines by
lamina propria (I.P) T cells, and remission afier treatment with
immunosuppressants or by targeting preinflammatory cytokines.
Although many animal experimental models clinically mimicking
human [BD have been established, all these models induce dis-
eases characterized by the common features of T cell- or macro-
phage/dendritic cell-dependent immune responses (4, 5).

*Department of Gastroenterology and Hepatology, Graduate School, and tDepart-
ment of lmmunology, Medical Research Institute, Tokyo Medical and Deuntal Lini-
versity, Tokyo. Japan: aud iDepartment of Gastroeaterology. Research Institute, [n-
ternational Medical Center of Japan, Tokyo. Japan

Received for publication June 25, 2003. Accepted for publication March 4, 2004,

The costs of publication of this article were defrayed in part by the payment ol page
charges. This article must therefore be hereby marked advertisement in accordance
with £ 8 LLS.C. Section 1734 solely to indicate this fact.

! This work was supported in part by grants-in-aid for Scientific Research. Scientific
Research on Priority Areas, Exploratory Research, and Creative Scientific Research
from the Japanese Ministry of Education. Culture, Sports. Science, and Technology:
the Japanese Ministry of Health, Labor. and Welfare; the Japan Medical Association:
Foundation tor Advancement of International Scienve: Terumo Life Science Foun-
dation; Ohyama Ilealth Foundation: Yakult Bio-Science Foundation: and Research
Fond of Mitsukoshi Health and Welfare Foundation.

2T, Kawamura and T. Kanai contributed equally to this work.

$ Address correspondence and reprint requests to Dr. Mamoru Watanabe. Department
of Gastroenterology and Hepatology, Tokyo Medical and Dental University. Graduate
School, £-5-45 Yushima. Bunkvo-ku., Tokye 113-83(9. Japan. E-mail address:
mamorn.gastigitmd.ac.jp

4 Abbreviations used in this paper: CD. Crohu’s disease: 1BD, inflammatory bawel
disease; 1P, lamina propria: LPMC, tamina propria mononuclear cell; UIC, ulcgrative
calitis; SLE. systemic lupus erythematosus; Tg. transgenic: TNBS, 2.4 6-trinitroben-
zene sulfonic acid; TRITC, tetramethvirhodanine: WT, wild tvpe.

Copyright & 2004 by The American Association of Immunologists, Inc.

One particular molecule that may be a potent target for the treat-
ment of [BD is CD40 ligand (CD40L: CD154). This is found pre-
dominantly on activated CD4™ T cells and interacts with CD40,
which is expressed on B cells, APCs, and endothelial cells (6-8).
In patients with IBD, increased numbers of T cells expressing
CDA40L have been detected in the LD, and these contribute to in-
duce proinflammatory cytokines, including IL-12, by macro-
phages/dendritic cells (9, 10). Furthermore, it is known that mice
with overexpressed CD40L on T cells develop chronic colitis with
the infiltration of C1)401,” T cells and CD40* cells into disease
tissues (11). In both 2,4,6-trinitrobenzene sulfonic acid (TNBS)-
induced (12) and SCID-transferred colitis models (13, 14}, neu-
tralizing anti-CD401. Abs prevent colitis. These data suggest that
CDA40/CD40L, interactions are probably relevant in the develop-
ment of colitis in humans and mice.

In contrast, CD40-expressing B cells, which interact with
CD40L-expressing T cells, are able to promote the proliferation
and survival of B cells, Ig isotype switching, and germinal center
reaction (7, 15, 16). B cells possess a variety of immune functions,
including the production of Igs and various cytokines, the presen-
tation of Ags, and the regulation of dendritic cell function. Inter-
estingly, functionally distinct roles of B cells have been reported in
autoimmune diseases such as systemic lupus erythematosus (SLE)
(17). B cells drive the development of several autoimmune disor-
ders through the production of pathogenic autoantibodies. Simi-
larly, circulating autoantibodics to colon epithelial cells have been
consistently identified in patients with UC or CD by many inves-
tigators in reports that span at least 2 decades (18-20). Interest-
ingly. accumulating evidence suggests that CD40L is ectopically
expressed on B cells in the same range of their T cells inn patients
with SLE, although the pathogenic role of CD40L on B cells in
SLE is unknown {21). At present, however, to our knowledge,

0022-1767/04/502.00

- 172 —



The Journal of Immunology

there have been no reponts describing the expression of CD40L on
B cells in patients with IBD.

Based on the fact that CD40L can be inducible on B cells in
sonie autoimmune disorders and also several reports that described
the association between IBD and SLE (22, 23), we investigated the
possibility that intestinal inflammation may be induced by the pri-
marily dysregulated B cells. To this end, we used transgenic (Tg)
mouse lines expressing CD40L ectopically on B cells (CD40L/B
Tg) (24). At 8-12 wk of age, CD40L/B Tg mice show increased
number of B cells in spleen and increased serum lgG and [gM
concentrations by ~4- and ~5-fold. respectively. In addition, B
cells in CD40L/B Tg mice are resistant to apoptosis induced in
vitro, probably due to constitutive CD40 signaling in B cells via
CD40 (our unpublished observations). Interestingly. these mice
developed SLE-like autoimmune disease, probably due to the pro-
duction of many kinds of autoantibodies, such as anti-DNA
Abs (24).

Surprisingly, we found that CD40L/B Tg mice developed severe
transmural intestinal inflammations. Remarkably, the inflamma-
tory infiltrates consisted predominantly of B cells, Although T
cells also infiltrated inflamed lesions, they did so o a much lesser
degree than B cells, and the CD4/CDS8 ratio of LP T cells was
decreased compared with that in contro] mice. Furthermore, we
demonstrated that mice transferred with CD4* T cells alone or
with both CD4" T and B220™ B cells, but not B220™ cells alone
from diseased CD40L/B Tg mice, develop colitis similar to the
original discase, indicating that the final cause of colitis is dys-
regulated CD4 " T eells. However, we demonstrated that mice
transferred with 32207 B cells from diseased C1D401/3 Ty mice
and CD4™ T cells from wild-type (WT) mice alse developed co-
litis, albeit to a lesser extent than those transferred with CD4™ T
and B220" B cells from discased CD401/B Tg mice, whereas
mice reconstituted with both B220" B cells and (D4™ T cells
from WT mice did not. This indicates that Tg B cells should be
involved as a trigper for this celitis model. These observations
demonstrate that the CD40-CD40L interaction among B cells may
introduce abnonmal lg isotype switching and consecutive B cell
expansion and may contribute to the infiltration in gut. Thus, this
experimental murine model seems to be sharply distinet from any
established murine I31) medels in which dysregulative tunction of
T cells and macrophages/dendritic cells should be an essential
pathogenic mechanism.

Materials and Methods
Mice

CD401B Tz mice expressing CD40L. on B cells were previously estab-
lished by injecting the DNA fragment containing the CDA0L ¢cDNA, a V,,
promoter, the Ig!l intron enhancer, and the Igx3’ enhancer into C57TBL/G
fertilized eggs (24). CD40™" ™ mice were described previously (25). In the
present study male, 4- 10 20-wk-old CIX40L/B Tg mice and WT livermate
controls were used. CD40L/B TgXCD40 ™"~ double-mutant mice were
also generated. The animals were housed under specific pathogen-free con-
ditions. All experiments were approved by the regional animal study com-
mittees. Cross-breeding of these mice was performed, and the presence of
¢ach transgene was identified by fail DNA.

Histopathology and inmunshistochemical analysis

Tissue specimens were fixed in 10% neutral-buffered formalin and embed-
ded in paraffin. Sections were stained with H&E. For the immunchisto-
chemiistry, sections were embedded in OCT compound { Tissue-Tek: Miles,
Elkhart, IN), snap-frozen in liquid nitrogen, and stored at —80°C,
Six-micron sections were incubated with primary Abs, These included
anti-murine €4 (RM4-5, rat IgG1l; BD PhartMingen, San Diego, CA),
anti-murine CD8 (53-6.7, rat IgG2a; BD PharMingen). anti-munne B220
{RA3-6B2, rat IgG2a; BD PharMingen), anti-murine CD11c {HL-3, ham-
ster IgG; BD PharMingen), and anti-F4/80 (A3-1. rat [gG2b; Scrotec,
Oxford, LK.}, Isotype-matched control Abs (BD PharMingen} were also
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FIGURE 1. CD40L.B Tg mice developed the wasting disease with local
and peripheral expansive cell growth, A, Approximately 90% of CD40L/B
Tg mice (n = 29) had diarrhea and showed sigmificant weight loss com-
pared with WT litermates {# = 24) at [ § wk of age. B, The colonic weight
of CID40LB Tg mice was markedly larger than that of WT littermates at
15 wk of age. C, The macroscopic appearance of colon of CD40L/B Tg
mice was enlarged, shortened, and had a greatly thickened wall compared with
that of WT littermates. D, LPMCs werc isolated from the colon of 15-wk-old
CD40L/B Tg mice ot their littermates, and the number of LPMCs was deter-
mined. Data are the mean * SD of seven mice in each group. E, Splenocytes
(Sp) were isolated from the colon of |5-wk-old CD40L/B Tg mice or their
littermates, and the number of Sp was determined. , p < 0.03,

used, Biotinylated goat anti-hamster IgG or rat anti-mouse IgG (BD
PharMingen)} was chosen as second Abs. After three washes with PBS,
positively statned cells were detected by streptavidin-biotinylated HRP
complex (Vectastain ABC kit: Vector Laboratonies, Burlingame, CA), and
visuahized by diaminobenzidine. Then the sections were counterstained
with hematoxylin.

Immunofluorescence analysis

in some expeniments frozen sections of colon were prepared and fixed with
cold acetone and then incubated with Block Ace (Dainippon-Pharmaceuticals,
Tokyo, Japan). Sections were incubated with FITC-labeled goat anti-mouse
1gM (magnification, X500: Southern Biotechnology Associates, Birming-
ham, AL), tetramethylthodamine (TRITC)-labeled goat anti-mouse [gG
(magnification, %500: Southern Biotechnology Associates), and biotin-
labxled goat anti-mouse IgA (magnification, X400; BD PharMingen), followed by
incubation with aminocumarin-labeled streptavidin (magnification, X500:
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Small Intestine

Colon

FIGURE 2. Histopathologic examina-
tion revealed the development of severe B g
enterocolitis in CD40L/B Tg mice. Colons # :

from WT littermates (4), CD40L/B Tg
mice (8-D), and CD40L/B TgxCD40™"~

(G) mice and small intestines from WT

littermates (£), CD40L/B Tg mice (F), CD40L Tg
and CD4OL/B TgXCD40™'~ mice (i)
were stained with H&E. Onginal magni-
fication: A, B, E-G, and H, X 40: C and
D, x100.
CDHOLTg
X o
CD4o+-

Southern Biotechnology Associates) (26). Anti-colon autoantibodies in
sera from 12- to 15-wk-old colitic CD40L/B Tg mice were defected by
indirect immunofluorescence using colonic tissues from 6-wk-old nondis-
cased CD40L/B Tg mice. Sections were blocked with 10% goat serum in
PBS for 30 min at room temperature and incubated with mouse serum
difuted in 10% goat serum in PBS for | h, and then bound Ab was detected
with TRITC-labeled anti-mouse IgG or FITC-labeled anti-mouse IgM.
Sections were examined with a fluorescence microscope (BXS0/BXFLA:
Olympus, Tokye, Japan} equipped with a charge-coupled device camera

5
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o \ \‘»&* : T e al
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(Olympus) and an image capture system (Olympus). Combination images
for multicolor staining were performed using Photoshop 4.0 (Adobe Sys-
tems, San Jose, CA).

Serum Ig

Total amounts of serum IgM, IgG, and IgA were measurcd by standard sand-
wich ELISA analysis using goat anti-IgM or IgG or IgA Abs (Southern
Biotechnology Associates). Abs bound to the plates were detected using
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FIGURE 3. Immunchistochemical anal-
ysis showed the massive B220-positive cell
infiltration to colonic tissue in CD40L/B Tg
mice. A large number of aggregated B220™
cells, which were structurally different from
B cells in colonic patches, were infiltrated in
the LP of diseasad CIMOL/B Tg mice. In ad-
dition, CD4*, CD8”, F480™*, and CD11c™
cells were increased in the inflamed colonic
mucosa of CDM40L/B Tg mice compared with
those of WT littermates or CD40L/B
TeXCD40™"" mice. Onginal magnification,
X100

CD11c ¥

alkaline phosphatase-labeled anti-1gG, anti-IgM (BD PharMingen), and anti-
T1gA Abs (Southern Biotechnology Associates).

Cell preparation

LP mononuclear cells (LPMC) were isolated from the colon as described
previously (27, 28). Briefly, the entire colon was opened longitudinally,
washed with PBS, and cut into small pieces. The pieces were then incu-
bated with Ca®*- and Mg?* -free HBSS containing 2.5% FBS and 1 mM
DTT (Sigma-Aldrich, St. Louis, MO} for 30 min to remove mucus and then
serially incubated twice in Ca**- and Mp®*-free IIBSS containing 2.5%
FBS and 0.75 mM EDTA (Sigma-Aldrich) for 1 h each. The supernatants
from these incubations were collected, pooled, and treated with | mg/m}
collagenase (Worthington Biomedical, Freehold, NJ} and 0.01% DNase
(Worthington Biomedical) in medium for 2 h. The cells were pelleted twice
through a 40% isotonic Percoll solution and then further punfied by Ficoll-
Hypaque density gradient centrifugation (40/75%) at the interface.

Filow cytometry

The isolated LPMC were preincubated with an FoyR-blocking mAb
(CD16/32; 2.4G2; BD PharMingen) for 20 min, followed by incubation
with FITC-, PE-, or biotin-labeled mAb for 3¢ min on ice. Biotinylated Abs
were detected with PE-streptavidin (BD Biosciences, Mountain View,
CA). Two-color flow cytometric analysis was performed on a FACSCali-
bur (BD Bioscicnces) using CellQuest software. Background fluorescence
was assessed by staining with isotype-matched control mAbs.
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Cytokine analysis

Ninety-six-well culture plates were precoated with anti-CD3 mAb (5 ug/
ml; 145-2C11: BD PharMingen) and anti-CD28 mAb (2 ug/ml; 37.51; BD
PharMingen) in 100 pl of PBS at 37°C for 4 h and washed with PBS three
times to remove unbound Abs. LP CD4* T cells (§ X 10%/well) were then
incubated at 37°C in 5% CO, humidified air for 48 h. Culture superatants
of littermate mice and Tg mice after onset of disease were harvested and
assayed for IFN-y and IL-4. Cytokine concentrations were determined by
a specific ELISA kit for mouse IFN-y and IL-4 (Endogen, Cambridge,
MA). ODs were measured on an Intermet ELISA reader at a wavelength of
490 nm.

Adoptive transfer experiment

Adult fernale CS7BL/6] SCID mice (6 -8 wk old) were used as recipients
in the following experiments. Discased CD40L/B Tg and control WT Lit-
termates were euthanized at 18 wk of age. To obtain CD4™* T or B220* B
cells from the pooled splenocytes and mesenteric lymph node cells, CD4*
T cells were purified using the anti-CD4 (L3T4) MACS beads (Miltenyi
Biotec, Auburn, CA), and thereafier B220™ cells were purified from the
negatively selected CD4 7 cells using anti-B220 (RA3-6B2) MACS beads
(Miltenyi Biotec). After the enriched CD4™ T cells (96-97% pure, a5
estimated by FACSCalibur) and B220" B cells (95-96% pure)} were la-
heled with PE-conjugated anti-mouse CD4 (RM4-5) and FITC-conjugated
anti-B220 (RA3-6B2) mAbs, and the purified CD4* T cells and B220™ B
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FIGURE 4. Flow cytometric analysis of LPMC from diseased
CD40L/B Tg mice and WT littermates, The percentages of CD&* cells and
the CD&'CD4 ratio were significantly increased in LPMC from diseased
CD40L/B Tg mice compared with those from WT littermates. In CD40L
Tg mice, the percentages of B220* LPMC were significantly increased and
the expression of CD40L on B220-cxpressing LP B cells was also signif-
icantly up-regulated compared with those in WT littermates. In confrast,
there were no differences in CDM0 expression ot LP B cells between
CD40L/B Tg mice and littermates. Although we used the B cell-specific
promoter and enhancer to establish CD40L/B Tg mice, CD40L/Bon LP T
cells in discased mice was also slightly up-regulated compared with that in
littermates. These data were representative of three experiments.

cells were then sorted by two-color sorting on a FACS Vantage (BD Bio-
sciences). All populations were >99.0% pure on reanalysis. SCID mice
were then injected i.p. with one or two subpopulations of the sorted CD4*
T cell and/or B220* B cells in PBS: 1) CD40L/B Tg B220* (8 X 10%
mouse), 2) CD40L/B Tg CD4* (5 % 10%/mouse), 3) CD40L/B Tg B220*
(5 X 10%mouse) and CD40L/B Tg CD4™ (5 X 10%/mouse), 4) CD40L/B
Tg B220* (5 X 10%mouse) and WT CD4™ (5 X 10%/mouse), 53 WT
B220* (5 X 10%mouse) and WT CD4* (5 X 10%mouse), 6) WT B220”
(5 X 10%mouse}, TYWT CD4* (5 X 10%mouse), or §) no transfer control.
Mice were killed and analyzed 4 wk after transfer, and the colons were
removed and evaluated histologically. For the histological score, the area
of the proximal colon was scored on a scale of 0 -3 in each of three criteria:
ccll infiltration, crypt elongation, and crypt abscesses. Histological grades
were assigned in a blind fashion by one pathologist (R.L).

CD40L-EXPRESSING B CELLS TRIGGER COLITIS

Sratistical analysis

Data were expressed as the mean and SD and are plotted in corresponding
fipures, The differences between experimental groups were statistically an-
alyzed with the Mann-Whitney U/ test. A value of p < 0.05 was considered
significant,

Results
CD40L/B Tg mice developed a wasting disease with severe
intestinal inflanimation

Clinical manifestation was monitored for up to 30 wk. IBD symp-
toms were first observed between 8 and 15 wk of age. Approxi-
mately 90% of CD40L/B Tg mice had diarthea and developed
significant weight loss until 20 wk of age {p < 0.05; Fig. 14). In
contrast. their WT littermates appeared healthy, with a gradual
increase in body weight and absence of diarrhea during the period
of observation (Fig. 14). Macroscopic appearance showed en-
larged colon with a greatly thickened wall in CD40L/B Tg mice
{Fig. 1C). and the colonic weight of 15-wk-old CD40L/B Tg mice
was significantly increased compared with that of littermates (p <
0.005; Fig. 1B). In addition, the spleen and mesenteric lymph node
enlargement was also present in diseased CD40L/B Tg mice (data
not shown). Consistent with these data, the numbers of mono-
nuclear cells recovered from the colon and spleen of 15-wk-old
CD40L Tg mice were significantly increased compared with those
of their littermates (Fig. 1, D and E), indicating extensive mono-
nuclear cell proliferation in the inflamed colon and spleen of
CD40L/B Tg mice.

Histopathologic examination of colonic tissue revealed the de-
velopment of severe colitis in 15-wk-old CD40L/B Tg mice (Fig.
2, B-D). Large numbers of mononuclear cells infiltrated transmu-
rally in colonic mucosa (Fig. 2B). Prominent epithelial hyperplasia
with glandular elongation (Fig. 2C) and goblet cell depletion (data
not shown) were common in whole colon. Extensive leukocytic
infiltrates were seen in the LP and submucosa and, to a lesser
degree, in the muscularis, serosa, and mesentery (Fig. 2, B and 7).
The mucosal abnormalities, such as thickening of the intestinal
wall, virous atrophy, erypt hypetplasia, and infiltrations of mono-
nuclear cells were also seen in the ileum of CD40L/B Tg mice
(Fig. 2G). Splenomegaly with large amounts of lymphocytes and
markedly enlarged mesenteric lymph nodes were present in these
colitic mice (data not shown). In contrast, colonic and ileac sec-
tions from WT littermates showed few lymphocytes and macro-
phage infiltration in LP (Fig. 2, 4 and F). To determine whether
these abnormalities in CD40L/B Tg mice was really due to the
direct CD40-CD40L interaction in vivo, we next generated
CD40L/B TgxCD40™’'~ double-mutant mice. These mice were
monitered for up to 30 wk, but they appeared healthy with a grad-
ual increase in body weight and the absence of diarrhea during the
period of observation {data not shown). In addition, coloni¢c and
ileac sections from age-matched CD40L/B TgxCD40™'~ mice
showed few lymphocytes and macrophage infiltration in the LP
(Fig. 2, E and H).

To examine the phenotypical cell surface markers of infiltrated
mononuclear cells, the sections of colon were immunohistochemi-
cally stained with Abs against B220, CD4. CD8, F4/80, and
CDl1c. The major population of cell infiltrates was B220" cell
aggregates, which were structurally different from colonic patches.
B cells were markedly infiltrated in the LP from diseased
CD40L/B Tg mice as well as serosa and mesentery (Fig. 3). In
addition, CD4*, CD8™, F4/80”, and CD1lc¢™ cells in the inflamed
mucosa from diseased CD40L/B Tg mice were increased in the
inflamed colonic mucosa compared with those from WT litter-
mates (Fig. 3). Unlike most reported animal models of IBD, CD8”*
T cells secmed to infiltrate to a greater extent in inflamed mucosa
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FIGURE 5. Colomic  Ig-producing  cells  in
CDAOL/B Tg mice. Fifteen-week-old WT hittermates
{A). 6-wk-old nondiscased CD40L Tg mice (B). and
15-wk-old discased CD40L/B Tg mice {Cand D) were
stained for 1gG (red). [gM (green), and IgA (blue) by
fluorescent immunohistochemistey. Diseased and non-
discased CDA0L/B mice had almost similar numbers
of lgA plasma cclls in colon as WT littermates. In
contrast, a markedly increased number of IgM* cells
was observed 1 inflamed mucesa in diseased
CDA0L.B Tg muce. In adkdiion, the number of 1gl-
producing cells in diseased CDA0L/B Tg mice was
slightly, bul significantly, increased compared with
those in nondiseased CD40L/B Tg mice and WT 1it-
termates. Onginal magnification: 4 €, X200: and D,
X 1000, These data were representative of three
experiments,

compared with CD4 " T cells. In contrast, the littenmates and age-
matched CD401/B3 TgXCD4O™ ' mice showed no obvious infil-
tration of 3220, CD4 . CDR™, F4/80 ' or C1211c¢”* cells in the
colon (Fig. 3).

Autoimmune discases are often associated with the involvement of
other organs, in particular the kidneys and sometimes the lungs, dur-
ing discuse progression. Therefore, cryostat scctions of various tissues
were analyzed for the presence of inflammation. Approximately half
the CD40L/B Tg mice showed apparent glomerulonephritis and
hyperplastic bronchus-associated lymphoid tissue in lungs (data
not shown). However, no inflammation in other organs, such as
skin. submaxillary gland, heart, liver, paucreas, and stomach, were
observed (data not shown).

Increused expression of CD40L on B cells in diseased CD40L/B
1g mice

Flow cyvtometric analysis of LPMC from colitic mice showed that
the percentages of B220™ LPMC were significantly increased
compared with those in WT littermates (Fig. 4). Consistent with
immunohistochemical studies, unlike other T cell-mediated colitis
models, the percentages of CDR* cells and the CD8:CD4 ratio
were significamly increased compared with those in WT litter-
mates (Fig. 4). In diseased CD40L/B Tg mice, the expression of
CDA0L. on B220-expressing LD B cells was significantly up-reg-
ulated. The mean fluorescein intensity of B2207CD40L™ LP B
cells in CD40L/B Tg mice was much higher than that in youny
nondiscased C12401 /B Tg mice (data not shown). In contrast. there
were no differences in CD40 expression on B cells between
D401 /B Tg mice and littermates (Fig. 4). Although we used the
13 cell-specific promoter and enhancer to establish CD40L/B Tg
mice. CD40L on LP T cells in diseased. but not in nondiseased,
CIM01/B Tg mice was also up-regulated compared with that in
littermates {Fig. 4). These data indicated that CD40L expression
on T cells could be secondary to the response to inflammatory
actions in colon.

To further investigate the role of CD40L-expressing B cells in
the development of colitis in CD40L/B Tg mice, we assessed Ig-
producing cells using confocal fuorescent immunohistochemistry.
As shown in Fig. 5. diseased and nondiseased CD40L/B Tg mice
had almost similar numbers of IgA plasma cells in colon compared
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with WT littermates. In contrast, it was of note that there was
markedly increased number of surface IgM-positive cells were ob-
served in inflamed mucosa in diseased CD40L/B Tg mice (Fig. 5).
In addition. surface IgG-producing cells, which were rarcly present
in LP, were often detected in diseased CD40L/B Tg compared with
nondiseased CD40L/B Tg mice (Fig. 5).

To next assess the systemic Ig production in CD40L/B Tg mice,
we tested concentrations of serum IgG, IgM. and IgA using the
specific sandwich ELISA. As shown in Fig. 6, concentrations of
serum IgG and 1gM were significantly increased by 4- and 5-fold,
respectively. in diseased CD40L/B Tg mice compared with WT
littermates (1gG; p < 0.005, IgM; p < 0.05). In some diseased
CD40L/B Tg mice, serum [gA was increased, but not significantly
different (p = 0.29).

Anti-colon moantibodies

To assess the involvement of anti-colon autoantibodies m the
pathogenesis of colitis, we tested whether sera obtained from co-
litic mice react with epithelial cells in the uninflamed colon of
young nondiseased CD40L/B Tg mice. As shown in Fig. 7. both
anti-colon 1gG and [gM autoantibodies were detected in sera from
colitic mice, 1gM autoantibody reacted with crypt epithelium, and
IgG autoantibody showed strong reaction with surface epithelium
of the colon. These reactivities were seen with 1/125 diluted sera
from diseased CD40L/B Tg mice. In contrast, staining of epithelial
cells was not scen with sera from nondiseased mice and WT lit-
termates at 1/25 or 1/125 dilution (Fig. 7).

B1/B2 differentiation in CD40L/B Tg mice

Based on the involvement of autoantibodies against intestinal ep-
ithelial cells in sera derived from discased CD40L/B Tg mice, we
further assessad B1 B cells in inflamed mucosa, because Bl cells
appears to produce Abs in a T cell-independent manner (29). Flow
cytometric analysis of LPMC from colitic mice showed no signif-
icant absolute increase in CD5*1gM* Bl B cells on LPMC from
diseased CDAOL/B Tg mice (percentage of CD5™ IgM */lympho-
evie gate: WT, (14 % 0.2%; CD40L/B Tg, 0.9 % 0.5%; p = 0.18),
indicating that autoantibody production could require T cell-de-
pendent help or the involvement ol nonmucosal B1 B cells, which
may be located in peritoneal and pleural cavities.
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FIGURE 6. Scrum conccatrations of Igs from CD40L/B Tg muce (1 =
4) and WT httermates (7 = 4} at 18 wk of age. Scrum IgG, IgM. and TgA
were measured using the specific sandwich ELISA. The average concen-
trations of semam [gG and [gM were significantly increased by 4- and
S-fold, respechively, in diseased CDM40L:B Tg mice compared with WT
littermates. [n some discased CD40L'B Tg mice. serum IgA was markedly
increased, but the difference was not significant (p = 0.29). #1, p < 0.0%.
*2, p < 0.003,

Thl-mediated immune responses in CD40L/B mice

As mentioned above {Fig. 4), CD4" and CD8 ' T cells were also
increased in inflamed mucosa from diseased CD40L/B Tg mice.
We then assessed the involvement of Th cells in the development
ol this colitis, Isolated [P CD4 " T cells were cultured, and the
supematants were analyzed for concentrations of 1FN-y and 11 -4
by specific ELISA. IFN-y (p < 0.05), but not 11.-4, production by
anti-CD¥anti-CD28 mAbs-stimulated 1P C1M4™ T cells was sig-
nificantly increased in diseased CD40L/3 Tg compared with WT
litermates (IFN-y: WT, 12.1 * 3.0 ng/ml: CD40L/B Tg. 84.8 *
12.1 ng/ml {p = 0.001% [L-4: WT, 5732 + 750 pg/ml; CD40L/B
Tg, 469.0 = 759 pg/ml (p = 0.68)), indicating that colitis induced
1 CD40L/B Ty mice could be mediated in secondary Thl-immune
responses.

Adoptive fransfer experiments

To cstablish which cell type mediates the inflammation i
CD401/B Tg mice, we next performed the adoptive transfer ex-
periments using sorted 13 and 1 cells from discased CD40L/B Tg
and WT litermate mice in the indicated protocol (Fig. 84). As
shown in Fig. 88, mice transterred with CD40L/3 Tg CDA™ T
cells alone or with both CD40T/I3 Tg C1247™ T and CD40L/B Tg
B220™ B cells, but not CD40L/B Tg B2207 cells alone, develop
colitis 4 wk after transfer, indicating that the final canse of colitis
is the dysregulated CD47 T cells. However, mice reconstituted
with CD40L/B Tp B220" B cells and WT CD4" T cells also
developed colitis, whereas mice reconstituted with both WT
B220" B cells and WT CD4 ™ T cells did not. These ditferences
were confirmed by histological scoring of multiple colon sections
obtained Irom five mice in cach group (Fig. 8C). This mdicates
that Tg I3 cells should be a trigger for this celitis model, and there-
afier, dysregulated CD4™ T cells are also needed as final elfectors,

Discussion
This report describes a novel model of intestinal pathology in-
duced by primarily B cell-triggered mechanism. Te date, studies in
animal models of IBD have mainly focused on CD4™ T cells of
unknown specificity and in part dendritic cells/macrophages (30)
and CD8" T cells (31). In this study we show that abnormal B
cells expressing CD40L. can also trigger chrenic colitis and may
provide a link with autoimmune intestinal inflammation.

It is generally established that the interaction of C1D40L. on ac-
tivated T cells with CI240 on APC leads 1o the secretion of [[.-12

CD40L-EXPRESSING B CELLS TRIGGER COLITIS

by APC, including dendritic cells and macrephages (32-37), and
that such interactions are eritical for IL-12 production in Ag-driven
responses ol animal models of colitis (12, 38, 39) and human [B1)
(9). In contrast. there were no reperts that mentioned the involve-
ment of CD40] ~expressing B cells in 1B despite some evidence
that C1401. is expressed on B cells as well as T cells in patients
with SLE (21). and ectopic expression of CD40L on B cells has
been observed in lupus-prone BXSB mice (40). The expression of
CD4O0L is activation dependent; CD40L appears on the cell surface
within 1-3 h after Ag recognition, and then immediately disap-
pears by 24 h (7). In fact, it was difficult to detect CD44L on any
type of cell, probably because CD40L expression in nondiseased
young CD40L/B Ty mice was down-regulated in the presence of
CD40 as described previously (25, 41). Indeed. we could detect
surface expression of CiMOL using CD40L/B Tg mice crossed
with CD40-deficient mice in the spleen, lymph nodes, and bone
marrow (Y. Aiba, details will be described elsewhere). Further
study will be required to determine whether CD40L could be ex-
pressed on B cells in inflamed mucesa from patients with 1BD as
well as activated T cells, although it could be technically hard to
determine this. Of importanee. isolated LPMC from IBD mucosa
have been reported to contain more B cells, particularly B cells
producing [2G. compared with noninvelved IBD mucosa or con-
trol mucesa (42). Furthermore, circulating autoantibodies pro-
duced by abnormal B cells, such as colon epithelial cells and leu-
Kocyte nuclei, have been consistently identified in patients with
UC or C12 (43). The accumulating evidence led us to investigate
the possible role of C1)401 on B cells in the primary development
ol colitis using CD40L/B Tg mice expressing CD40L ectopically
on B cells,

In the present study we demonstrate that CD40L/B Tg mice
expressing C1D401 on B cells develop chronic enterocolitis, which
is first observed between 8 and 15 wk of age with massive infil-
tration of apgregated [gM-producing B cells in LP, and produce
autoantibodies agamst colonic epithelial cells. First. we postulated
that abnormal CD40-CD40L B-B interaction might be induced by
ectopic expression of CD40L on B cells and may introduce 1)
abnormnal Iy isotype switching, 2) consecutive IgM-positive B cell
proliferation, and 3} infiltration in the gastrointestinal tract. In con-
trast, T cells also infiltrate inflamed lesions, but the degree is much
less than that of B cells. Interestingly, unlike most other animal
models ol colitis (1, 5), the CD4/CD8 ratio of LP T ¢ells of in-
flamed colon was significantly decreased compared with that in
W littermates. These results indicated that CD40L/B Tg mice are
sharply distinet from any established T cellinacrophages/dendritic
cell-mediated murine models of intestinal inflammation,

Similarly. Clegg et al. (11} reported that CD40L Tg mice over-
expressing CD40L on T cells (CD40L/T Tg) acquire a lethal
chronic colitis marked by the infiltration of CD40L™ T cells and
CD40" cells into diseased tissues. Interestingly, they showed ab-
normal thymus development in CD40L/T Tg. such as a transgene
copy-dependent decline in thymoeyte number, loss of cortical ep-
ithelium, and expansion of CI40" medullary cells (11). In their
model they postulated that C1D40L/T Ty failed to develop regula-
tory T cells in thymus that suppress the development of colitis by
abnormal T cell development. In addition to a defect in thymic
negative selection in CD40L/T Tg, the chrenic inflammation in
colon might be caused by the continuation of transgene expresston
in peripheral T cells (11). In contrast, our CD40L/B Tg expressing
CD40L on B cells showed no abnormalities in thymus in either
flow cytometric or histological analysis (data not shown), indicat-
ing that not only could chronic intestinal inflammation in our
CDAOL/B Tg mice expressing CD40L on B cells be mediated in a
thymus-independent manner, but also the CD40IL transgene system
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FIGURE 7. Anti-colon Abs were detected in sera
from discased CD40L/B Tg mice. Sera obtained from
12- w 15-wk-old colitic mice stained some surface
epithelial cells in the uninflamed colon of young nen-
diseased CD40L'B Tg mice (¢ and #), but this was
not observed when sera from WT hitermate mice (4
and D) and nondiseased young CD40L/B Tg mice (5
awd Iy were used. For the detection of IgM (4--D) and
IgG type (£ 1IN autcantibodies, FITC-labeled anti-
mouse IgM and TRITC-labeled anti-mouse Igdd, re-
spectively. were used [or the second antibodies, Ong-
inal magnification: A-C and F-¢. X200: and Dand H,
X1000. These data were representative of three
expeniments.

does not introduce CD40L expression into T cells because of the
use of a B cell-specific promoter. Nevertheless, the fact that we
detected CD40L protein on LP CD4' T cells from diseased
CD40L/B Tg mice suggested that the expression of CD40L on LP
CD4 ™ T cells might be secondary in the reaction against the local
mtestinal inflammation. Indeed, like most CD40L-mediated ani-
mal models of IBD (9, 10, 12-14), LP CD4 " T cells in inflamed
mucosa from discased CD40L/B Tg mice showed [FN-y-domi-
nant, rather than {L-4-dominant. cytokine production, indicating
that our mice might be a good Thl-mediated chronic colitis model.
It is also possible that CD40L-expressing [P B cells could directly
stimulate C1)40-¢xpressing dendritic cells/macrophages to pro-
duce IL-12 and to introduce Thl-mediated nnmune responses. To
determine the role of CD40L on B cells in the development of
colitis in this model, we next performed an adoptive transfer of
isolated T or B cells from diseased CD40L/B Tg and WT litter-
mate mice into SCID mice. We demonstrated that mice transferred
with CD4 " T cells alone or with bath CD4™ T and B220™ B cells,
but not B220" cclls alone. from diseased CD40L/B Tg mice de-
velop colitis, indicating that the final cause ol colitis is the dys-
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regulated CD4™ T cells. However, we also demonstrated that mice
transferred with B220™ B cells from diseased CD40L/B Tg mice
and CD4 ™ T cells from WT mice also developed colitis, whereas
mice transferred with both B220™ B cells and CD4™ T cells from
WT mice did not. This indicates that the Tg B cells should be
involved in this colitis as a trigger for this colitis model. It should
be noted that this transfer experiment also clearly excluded the
possibility that the Tg CD40L was expressed on T cells in our Tg
system.

In our CD40L/B Tg mice, serum IgM and IgG concentrations
were 4- to 5-fold increased. Intestinal mucosal plasma cells pro-
ducing 1gG or IgM were apparently increased, but the number of
lgA-producing cells was not significantly different compared with
that in WT littermates. Comparison with the findings in human
tissue from patients with IBD and in some experimental colitis
madels reveals some similarities. In human IBD, levels of IgG and
IgM are ncreased along with disease progression. In contrast, it has
been demonstrated the level of IgA is decreased in patients with
chronic UC (44) and CD (45). but increased in the quiescent disease
(46). Furthermore, we detected 1IgM- and lgG-type autoantibodies

— 179 —



6396

WTH0 T WICHE T TeB330 Te
a Low +
h & +
¢ Lo + +
o £ + +
¢ Lo + +
[ L= +
2 Lo +
h &=

C
q £
=
CD\’
d‘b”’
@ Lo
fbv-——ﬁ
{ | 2 3 4 5 & 7 R
Histological Scores

=

FIGURE 8. Adoptive transfer of sorted T and B cells obtained from
spleens and mesenteric lymph nodes. A, Transfer protocol, C57BL 6 SCID

mice were injecied Lp. with one or two of the indicated subpopulations of

sofed CD4* 1 cells and B220* B cells from diseased CD40L/ Tg mice
{18 wk old) and WT litermates; &, CD40L/B Tg B220" (5 X 10° baudy);
b, CD40LB Tg CD4° {5 X 10°body); c. CD40L B Tg B220° (5 X
10 body} and CD40L/B Tg CD4" (3 X 10° body); 4. CD40L B Tg B220°
(5 % 10° budy) and WT CD4™ (3 X 10%body): . WT B220™ (5 x i
body} and W1 CD4Y (5 X 105bady); £, WT B2207 (5 X 105hody: g,
WT CD4™ (3 % 10%hody); or b, no teanster control. Mice were cuthanzed
4 wk after transler. B, Histopathology of distal colon from each mice,
Onginal magnification, X100, ¢, Thstological scores were deternuned 4
wk afler transter as described in Materials and Methods. Data age presented
as the mean = S (n = 5). *, p < 0,05,

apainst colonic epithelial cells. T cell-dependent immune re-
sponses generally involve conventional B2 B cells. In contrast, the
other subset of B ¢ells, Bl B cells, appear o produce Abs ina
T-independent manner (27, 47, 48). B1 B cells, originally defined
by the surface expression of CDS and high levels of IpM, arise
carly in ontogeny, home predominantly to the peritoneal and pleu-
ral cavities, have a capacity for sell-renewal, and display diflerent
receplor specificities. B cells appear to recognize self-Ag as well
ax common bacterial Ags. Production ol autoantibodies by 131 cells
is also supported by the fact that the neoplastic expansion of B
cells, such as in chronic lympheceytic leukemia, is often associated
with auloimmune symptoms (26, 47, 48). Based on the evidenee,
we assessed whether autoantibodies are produced via T cell-de-
pendent  (Bl: CD5*IgM™) or T cell-independent (B2:
CD57 1M ™} tashion. We showed 1o increase in CD5"[gM* B
cells in inflamed mucosa from these mice compared with those in
WT littermates, indicating that autoantibodies in  diseased
CD4OL/B Tg mice might be produced by T cell-dependent B2
cells. Alternatively, the awtoantibodics in this model could be gen-
crated in other tissues, such as periloneal cavity. In addition, it

CD40L-EXPRESSING B CELLS TRIGGER COLITIS

should be noted that Mizoguchi and colleagues (49, 50) recently
demonstrated that highly CD1d-expressing B cells were signifi-
cantly increased in mesenteric fymph nodes from colitic TCRea ™'~
mice and had a unique ability to produce 1L-10. They postulated
that these B cells functioned as regulatory B cells to suppress the
progression of intestinal inflammation by down-regulating inflam-
matory cascades associated with 11.-1 up-regulation and STAT3
activation (49, 50). Although there might be a correlation between
their regulatory B3 cells and our pathogenic B cells in the devel-
opment of colitis at this point, it scems likely that our aggregated
IgM-producing, activated B cells in inflamed mucosa from dis-
eased CD40L/B Tg mice did not possess such a regulatory func-
tien, but differentiated to more pathogenic cells in the early stage
of colitis development. Further study will be required to assess the
features of CD40L-expressing B cells, such as cytokine production
and APC function.

In conclusion, (he present data sugygested that under some con-
ditions the CD40-CH40L. interaction is constitutively generated on
I3 cells by themselves, and IBD) pathogenesis might be cstablished
by a primarily B cell-triggered mechanism without involving
mainly T cells or macrophages/dendritic cells. Further investiga-
tion, such as establishing double-mutant mice crossed between
CD40L/B Tg mice and nude mice, may be beneficial to elucidate
the primary involvement of B cells in the pathogenesis of IBD.

Acknowledgments
We express special thanks to Dr. Morio Koike for critical comments, and
10 Sacko Matsumoto for manuscript preparatios.

References

t. Podolsky, D. K. 1993, [nflammatory bowe] disease (first of two). N. Eugl J. Med,
325.928.

2, Fiocchi, C. 1998, Inflanunatory bowel disease; etiology and pathogenesis. Gas-
trocuterology 115:182,

3, Sartor, R. B. 1997, Pathogenesis and immune mechanism of chronie inflamma-
tory bowel disease. Am. J. Gastroenterol. 92:55.

4. Blumberg. R. 5. [, 1. Saubermarn. and W. Strober. 1999, Animal medels of
mucosal inflammation and their relation 1o human infammatory bowel disease.
Curr. Opin. fmmuprol, 11648,

S, Powric, F. 1995, T cells in inflammatory bowel discase: preteetive and patho-
genic role, fnemunity 30171

6. Grewal, 1. S.. and R, AL Flavell. 1998, CD40 and D184 in cell mediated im-
munity. Annu. Rev. Tmnumol. 16:111.

7. Banchereau. 1., F. Bazan, . Blanchard, F. Briere, J. I Galizzi. ¢, van Kooten.
Y. ). Liu. F. Reusscet, and 8. Suactind. 1994, The CD40 antigen and jts ligand.
Awn. Rev. hnmunol 12:841,

%, van Kowten. C., ane J. Banchereau. 2000, CDAU-CD40ligand. /. Lewkacgyte Biol.
67:2.

9. Zhanju, L. 8. Colpaert, G. R. D'Hacns. A. Kasran, M, [, Boer, P. Rutpeens.
K. Geboes, and J, L. Ceuppens. 1999 Hyperexpression of CD4U ligand (CD154)
in inflammatory bowel disease and its contribution to pathogenic cylokine pro-
duction, ), fmpmol. [A2:4042,

RBanaglia, E. L. Bianocon. A, Resegoni, . Emanuelli, G. R. Fronda, and

Ci. Cammusi. 1999, Fxpression of CD40 and its ligand CD40L, in intestinal

lesions of Croba's disease. 4m. J. Gastrocmierol. 94:3279.

1. Clege, C., L T. Rulles, H. 8. Haugen, [ K. Hoggat, A. Aroffo, 8. Durham. and
A G Farr, 1997, Thymus dysfunction and ¢hronic inflammatory disease in gp39
transgenic mice. fut. fmaaenof. 921111,

12, Siher, W, Strober, and M, Neurath, 1996, Blocking the CDA0L-CDA0 in vivo
specifically prevents the priming of [ helper 1 cells through the inhibition of
intertenkin 12 secretion, J. Exp. Med 183:693,

13. Zhanju. L.. K. Geboes, . Colpaent, 1.. Overbergh. €. Mathicu, K. Heremans,
M. D. Boer, L. Boon, G. U'laens. P, Rutgeerts, et al. 2000. Prevention of ex-
perimental colitis in SCIY mice reconstituted with CD43RB™EMCD4™ T cells by
blocking the CD40-CD134 imeractions. /. fmnumiol. 164:6005.

14. de Jong. Y. M. Comiskey. 8. Katled, E. Mizoguchi, R. A. Flavell. A. K. Bhan.
and C. Terharst. 2000. Chronic murine colitis is dependent on CI154/CD40
pathway and can be attenuated by anti-CD154 administration. Gastroenterology
119718,

15, van Kooten, C.. and J. Banchereau. 1997, Functions of CD40 on B cells. dendritic
cells and other cells, Curr. Opin, Impumol. 9:330.

16. Foy. T. M.. A. Arffo, L. Bajorath. I. E. Buhlmann, and R. J. Noelle. 1996,
Immunc regulation by CDM40 and its ligand gp39, Amwu. Rer: fmmunol. 14:591,

17. Koshy, M., D. Berger. and M. K. Crow, 1996, Increased expression of CD4G
ligand on systemic lupus erythematosus lymphocytes. J. Clin. Invest. 98:826.

10,

- 180 —



The Journal of Immunology

18.

19,

20,

25,

26,

27,

28.

29.

30.

32

33

. Koutroubakis. 1.

Takahashi, F., and K. M. Das. 985, Isolation and characterization of a colenic
autoantigen specifically recognized by colon tissue-bound immunegloblin G from
idiopathic ulcerative colitis. J. Clin. fnvest. 76:311.

Hibi, T., 8. Aiso, M. Ishikawa. M. Watanabe, T. Yoshida. K. Kobavashi,
H. Asakurs, S. Tsuru, and M. Tsuchiva, 1983. Circulating antibadics to the sur-
face antigens on colon epithelial cells in ulcerative colitis. Ciin. Exp. fmmunol.
54:163,

Sadlack, B., H. Merz. H. Schorle, A. Schimpl, A. C. Feller, and . Horak. 1993.
Ulcerative colitis-like disease in mice with a disrupted interleukin-2 gene. Cell
75:233,

. Desai-Melta. A, L. Lu, R. Ramsy-Goldman, and S. K. Datta. 1996, Hyperex-

pression of CD40 ligand by B and T cells in human Jupus and its tole in patho-
genic autoantipody production. J. Clin. [nvest. 97:2063,

. Ishikawa, Q.. Y. Miyachi, K. Fujita, 8. Takenoshita, Y. Nagamachi, and 1. Hirato.

19935. Ulcercative colitis associated with preceding systemic lupus erthematosus.
J. Dermatol, 22:289.

E. H. Kritikos, L. A. Mouzas, 8. M. Spanoudakis,
A. N. Kapsoritakis, E. Petinaki, E. A. Kouroumalis, and O, N. Manausos. 1998.
Association between ulcerative colitis and systemic lupus erythematosus: report
of two cases. Ewr. J. Gastroenterol. Hepatol, 10:437.

. Higuchi, T.. Y. Aiba, T. Nomura. J. Matsuda, K. Mochida, M. Suzuki,

H. Kikutani. T. Henjo, K. Nishioka, and T. Tsubata. 2002. Ectapic expression of
CD40 ligand on B cells induces lupus-like autoimmune disease. J. Jmmunol.
168:9.

Kawada, T., T. Naka, K. Yoshida, T. Tanaka, H. Fujiwara, 8. Suematsu,
N. Yoshida, T. Kishimoto, and H. Kikutani. 1994. The impune responses in
CD40-deficient mice: impaired immunoglobulin class switching and germiaal
center formation. fmmunity 1:167.

Dohi, T.. P. D. Rennert, K. Fujihashi, H. Kiyono, Y. $hirai, Y. [. Kawamura.
J. L. Browning. and J. R. McGhee. 2001. Elimination of colonic patches with
tymphotoxin 3 receptor-lg prevents cell-type colitis. J. fmmuncl. 167.2781.
Totsuka, T., T. Kanai, R. Tivama, K. Uraushihara, M. Yamazaki, R. Okamota,
T. Hibi, K. Tezuka, M. Azuma, H. Akiba, et al. 2003. Ameliorating effect of
anti-inducible costimulator monoclonal antibedy in a murine model of chronic
colitis, Gastroenterology 124:410.

Bull, D, M., and M. A. Bookman. 1977, [solation and functional characterization
of intestinal mucosal lymphoid cells. J. Clin. Invest. 59:964.

Fagarasan, $..and T. Honjo. 2000. T-independent immune response: new aspects
of B cell biology. Science 6:89.

Takeda, K., T. Kaisho, N. Terada, and S. Akira. 1999, Enhanced Th) activity and
development of chronic enterocolitis in mice deveid of Stat3 in macrophages and
reutrophils. Immamity [10:34,

. Steinhoff, U.. V. Brinkmann, U. Klemm, P. Aichele, P, Seciler, U. Brandt,

P. W. Bland, L. Prinz, U. Zugel. and $. H. E. Kaufmann, 1999, Auteimmune
intestinal pathology induced by hsp60-specific CD8 T cells. fmmunity 11:349.
Kamanaka, M., P. Yu. T. Yasui. K. Yoshida. T. Kawabe. T. Horii, T. Kishimoto,
and H. Kikutani. 1996, Protective role of CD40 in Leishmarnia major infection at
two distinct phases of cell mediated immunity. Immunity 4:275.

Campbell, K. A, P. J. Ovendale. M. K. Kennedy, W. C. Fanslow. 8. G. Reed, and
C. R, Maliszewski. 1996. CD40 ligand is required protective cell-mediated im-
munity to Leiskmania major. {mmunity 4:283,

36.

37

1.

39,

45,

46.

47,
43,

49,

- 181 —

6397

. Shu, UL, M. Kiniwa. €. Y. Wu, C. Maliszewski, N. Vezzio, J. Hakimi, M. Gately,

and G. Delespesse. 1995, Activated T cells induce interleukin-12 production by
monocytes via CD40-CD40 ligand interaction. Eur. J Immunol. 25:1125.

. Simpson. $. 1., . Shah, M. Comiskey. Y. P. de Jong, B. Wang, E. Mizoguchu,

A. K. Bhan, and C. Terhorst. 1998. T cetl-mediated pathology in two models of
experimental colitis depends predominantly on the interleukin 12/signal trans-
ducer and sctivator of transcription (Stat)-4 pathway, but is not conditional on
interferon ¥ expression by T cells. J. Exp. Med. 187:1225.

Kennedy, M. K.. K. S. Picha, W. C. Fanslow, K. H. Grabstein, M. R. Alderson,
K_ N. Clifford. W. A. Chin, and K. M, Mohler. 1996. CD40/CDA40 ligand ioter-
actions are required for T cell-dependent production of interleukin-12 by mouse
macrophages. Eur. J. Immunol. 26:370.

Koch, F., U. Stanzl, P. Jennewein, K. Janke, C. Heufler, E. Kampgen, N. Romani,
and G. Schuler. 1996. High level TL-12 production by murine dendritic cells:
upregulation via MHC elass II and CD40 molecules and downregulation by [L-4
and 1IL-10. J. Exp. Med 184:741.

Grewal, I S., . Xu, and R. A. Flavell. 1995, Impairment of antigen-specific
T-cell priming in mice lacking CD40 in ligand, Mature 378:617.

Cong, Y., C. T. Weaver, A. Lazeaby, and C. O. Elson. 2000. Caolitis induced by
enteric bacterial antigen-specific CD4™ T cells requires CD40-CD40 ligand in-
teractions for a sustained increase in mucosal [L-12. J. Immunol. 163:2173,

. Blossom, $., E. B. Chu, W. 0. Weigle, and K. M. Gilbert. 1997. CD40 ligand

expressed on B cells in the BXSB mouse model of systemic lupus erythematosus.
S fmmmol, 159:4580.

. Yellin, M. J. K. Sippel. G. Inghirami, L. R, Covey, J. J. Lee, J. Sinning.

E. A. Clark, L. Chess. and S. Ledcrman. 1994, CD40 melecules induce down
modulation and endocytosis of T cell surface T cell-B cell activating molecule/
CD40L: potential role in regulating helper effector function. J. Immepiol. 152:598.

. Brandtzaeg, P., and I N. Farstad. 1999. The human mucosat B-cell system. In

Mucosal Immunology. P. L. Ogra, J. Mestecky, M. E. Lamm, W, Strober,
J. Bienenstock. and J. R. McGhee, eds. Academic Press, San Diego, p. 439.

. Elson, C. ©. 2000. The immunology of inflammatory bowel disease. In fnflam-

matory Bowel Disease. J. B. Kirsner, ed. Saunders, Philadelphia, p. 208.

. Cicalese, L., R. H. Duerr, M. A, Nalesnik, P. F. Heeckt, K. K. Lee, and

W. H. Schraut. 1995. Decreased mucosal IgA levels in ileum of patients with
chronic ulcerative colitis. Dig. Dis. Sei. 40:805.

Philipsen, E. K., S. Bondesen, J. Andersen, and S. Larsen. 1995, Serum immu-
noglobulin G subclasses in patients with ulcerative colitis and Crohn's disease of
different disease activities, Scan. J. Gastroenterol. 30:50.

Badr-el-Din, $., L. K. Trejdosiewicz, R. V. Heatley, and M. S. Losowsky. 1598,
Local jmmunity in ulcerative colitis: evidence for defective secretory IgA pro-
duction. Gut 29:1070.

Kantor, A, B., and L. A. Herzenberg. 1993, Origin of murine B cell lineages.
Annu. Rev. Immunol. 11:561.

Kasaian, M. T.. and P. Casali. 1993. Autoimmunity-prene B-1 (CD3 B} cells,
natural antibodies and self recognition. Aufoimmunity 13:315.

Mizoguchi, E., A. Mizoguchi, F. [. Preffcr, and A. K. Bhan, 2000. Regulatory
function of mature B cells via costimulatory pathway in a murine colitis model.
Int. Immunol, 12:397.

. Mizoguchi, A., E. Mizoguchi, H. Takedatsu, R. S. Blumberg, and A. K. Bhan.

2002. Chronic intestina) inflammatory condition generates [L-10-producing reg-
ulatory B cell subset characterized by CD1d upregulation. fmmunity 16:219.



American fournal of Pathology, Vol. 165, No. 4, October 2004
Coapyripht © American Society for fnvestigative Pathology

Gastrointestinal, Hepatobiliary and Pancreatic Pathology

CD4*CD45RB™ Interleukin-4 Defective T Cells Elicit
Antral Gastritis and Duodenitis
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We have analyzed the gastrointestinal inflammation
which develops following adoptive transfer of IL-4
gene knockout (IL-47/7) CD4* CD45RB™ (RB") T cells
to severe combined immunodeficient (SCID) or to T
cell-deficient, T cell receptor 8 and é double knockout
{TCR™/7) mice, Transfer of IL-4~'~ RB™ T cells in-
duced a similar type of colitis to that seen in SCID or
TCR™/™ recipients of wild-type (wt) RB™ T cells as
reported previously. Interestingly, transfer of both wt
and IL-4~~ RB"™ T cells to TCR™~ but not to SCID
mice induced inflammation in the gastric mucosa.
Notably, TCR™'~ recipients of IL-4~/~ RB"™ T cells
developed a more severe gastritis with erosion, apo-
ptosis of the antral epithelium, and massive infiltra-
tion of macrophages. This gastritis was partially de-
pendent on the indigenous microflora. Recipients of
both wt and IL-4™/~ RB"™ T cells developed duodenitis
with multinuclear giant cells, expansion of mucosal
macrophages, and dendritic cells. Full B cell re-
sponses were reconstituted in TCR™/~ recipients of
RB™ T cells; however, anti-gastric autoantibodies
were not detected. We have now developed and char-
acterized a novel model of chronic gastroduodenitis
in mice, which will help in our understanding of the
mechanisms involved in chronic inflammation in the
upper gastrointestinal tract of humans. (AmJ Pathol
2004, 165:1257-1268}

A number of murine models of colitis involve either aber-
rant T cell or cytokine expressien. For example, sponta-
neous colitis develops in T cell receptor {TCR)-a gene
knockout mice where aberrant T cells producing Th2-
type cytokines actually mediate disease.’™ Perhaps the

most useful murine model for both T cell and cytokine
regulation of inflammatory bowel disease {IBD} has in-
volved adoptive transfer of CD45RB"™ T cells from nermal
mice to either SCID*~® or to RAG 2 gene knockout
{RAG ™"} mice.”® The transfer of RB" T celis into SCID
mice results in development of a severe mononuclear cell
infiltration, epithelial cell hyperplasia, and tissue damage.
Strong evidence has emerged provided that colitis results
from enteric bacterial antigen (Ag)-driven Th1 cell induc-
tion,? since RB™ T cell transfer into SCID mice with reduced
bacterial flora failed to develop large bowel disease. '@
Interestingly, T cell subsets producing TGF-8'2 and IL-10"2
in the RB'* T celt population, when co-delivered with BB
T cells, actually suppressed colitis. The RB™Y T cell popu-
lation was enriched in CD4+*CD25" T regulatory (Tr) cells.™
Despite this compelling evidence that RB* T cells give rise
to effector Th1 cells which mediate colitis, this model had
not aliowed study of either normal or abnermal B cell par-
ticipation in the pathogenesis of CD4* T cells. Since the
majority of antibody forming cells (AFCs)} in humans and
higher mammals reside in the gastrointestinal (Gl) tract
mucosa,'>'® the impact of the presence of B cells and
plasma cells in the mucosal pathology cannot be ignored.
For example, we recently showed that dysregulated Th2
cells cause villus atrophy and goblet cell transformation in
the small intestinal epithelium. Further, a wasting disease
was seen and was mediated by excess IL.-4 and the pres-
ence of B cells."”

Chronic Gl tract inflammation is one of the most com-
mon types of inflammatory processes. For many years,
gastric ulcers were thought to occur in susceptible indi-
viduals, especially those hypersecreting gastric hydro-
chioric acid.'®® However, it has become clear that gas-
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tritis, peptic ulcer disease, and gastric cancer are the
result of infection with the bacterium Helficobacter pylo-
fi.'92% Gastritis has been reproduced in experimental
animals gastrically infected with either H. pylorf or related
bacteria,®"** Thus, gastritis and duodenitis are directly
related to H. pylor infection; however, surprisingly little is
known about what causes chronic inflammatory re-
sponses in the upper Gl tract. Although many groups
have shown that discase severity is related to certain viru-
lence factors associated with H. pylori, only a minority of
individuals infected with virulent strains of H. pylori develop
severe disease.®® In animal models, IL-10-deficient mice
infected with H. pylori exhibited enhanced gastritis, lower
bacterial loads, and higher serum 1gG antibody (Ab) titers
when compared with control mice.?® These results have
suggested the importance of the host immune system in
perpetuating the gastritis and ducdenitis. Indeed, a gastritis
model in mice with H. pylor infection showed that CD4* T
cells were both necessary and sufficient for gastritis, and
IFN-y contributed to this inflammation.2” Further, oral immu-
nization of mice with the H. pylori urease induced praotection
against H. pylori infection, but was often associated with
corpus gastritis, which is now recognized as post-immuni-
zation gastritis ®~* In addition, H. pylor-infected SCID
mice reconstituted with splenic T cells from H. pylori-in-
fected, C57BL/E mice developed severe gastritis, however,
host colonization of H. pylori did not correlate to the severity
of gastritis.3’ Thus, cell-mediated immunity appears neces-
sary for gastritis development, and does not necessarily
relate to the bacterial load. Although still controversial, there
is significant evidence that CD4* Th1-type responses con-
tribute o H. pyfor-induced gastritis in humans.®2 For exam-
ple, IFN-y and TNF-« are the major cytokines produced by
gastric T cells from H. pylori-infected subjects.?334

In the murine colitis models induced by adoptive trans-
fer of RB™' T cells, the microflora is necessary for disease;
however, no priming of donor T cells with pathogens was
required."®"" Furthermore, no specific colitogenic bac-
terial species has been identified to date. Neonetheless,
regulation of colitis by Tr cells seems to occur in both
innate and adaptive immunity.®*® These results indicate
that T cells from normal mice have the potential to induce
inflammation in response to the indigenous bacteria;
however, the healthy host simultanecusly develops Tr
cells that attenuate the disease producing T cells. Similar
mechanisms for upper Gl tract inflammation may be
present; however, there have been no reports of a gas-
tritis mode! in the absence of infection or deliberate im-
munization, except for autoimmune gastritis induced by
neonatal thymectomy®®37 or ionizing radiation.?®

In this study, we hypothesized that normal T cells
prepared from pathogen-free mice would contain a sub-
set, which potentially could cause inflammation in the
upper Gl tract, as well as colitis. We describe a new type
of RB™ T cell transfer mode! in TCR™'~ mice that allows
assessment of RB™ T cells in the presence of responsive
B cells. We discovered that transfer of RB™ T cells from
IL-4 gene knockout {IL-47/~) mice resulted in gastrodu-
odenitis in the absence of infection by pathogenic bac-
teria. Qur results suggest the CD4™ Thi-type T cells

mediate both colitis and gastroduodenitis in TCR™~ mice
reconstituted with RB™ T cells.

Materials and Methods
Mice

Normal wild-type {w1), IL-4~/~, IFN-y gene knockout (IFN-
¥~ ") TCR B and 8 chain-defective (TCR™/~) and SCID
mice on the C57BL/6 background were criginally ob-
tained from the Jackson Laboratory (Bar Harbor, ME).
This mouse colony was maintained under pathcgen-free
conditions in flexible Trexler isolators at the University of
Alabama at Birmingham (UAB) Immungbiology Vaccine
Center Mouse Facility. A separate colony was also main-
tained in the fmmunocompromised Mouse Facility of the
Research Institute, International Medical Center of Japan
{IMCJ, Tokyo, Japan). We periodically and extensively
performed health surveillance on these colonies. These
tests were performed in laboratories with expertise in
taboratory animal health care (Jackson Laboratories,
Charles River Laboratories, Wilmington, MA and Central
Laboratories for Experimental Animals, Kawasaki, Ja-
pan). This analysis included serological testing for viral
infections, bacterial cultures of the nascpharynx, stomach
and cecum, ecto- and endoparasitic examinations, and
histology of &ll major organs and tissues. Feces and the
stomach were also tested for Heficobacter spp. in these
laboratories, including H. hepaticus, H. bilis, H. muridarurn,
and "H. rappini”, by PCR.*~%? No lesions or pathogens
including Helicobacter spp. and intestinal parasites have
ever been detected in these two separate mouse colonies.
We obtained essentially identical results in the mouse facil-
ities of both UARB and the IMCJ, and these experiments are
quite reproducible. Although original reports indicated that
TCR™~ mice develop intestinal inflarnmation,® they did not
develop histologically obvious gastritis, duodenitis, or colitis
in our mouse facility until they were 24 weeks of age, which
is well beyond the time frame of our experiments.

Purification of T Cells

Splenic T cells for adoptive transfer were purified as
described previously.' In brief, following lysis of eryth-
rocytes, splenic T cells were enriched by passage
through a nylon woel column, and then stained with phy-
coerythrin (PE)-conjugated anti-CD45RB (23G2), FITC-
labeled anti-B22Q, anti-CD11b, and anti-CD8 monoclonal
antibodies {mAbs) (BD PharMingen, San Diego, CA). The
CD45RB™ T cell subset was separated by flow cytometry
using a FACS Vantage (Becton-Dickinson Co., Sunny-
vale, CA). Sorted, CD45RBY subsets were > 99% pure
by the reanalysis using anti-CD4 Ab, anti-TCR 8 Ab,
anti-NK1.1 Ab, and anti-Gr-1 Ab.

Adoptive Transfer of T Cells

In these studies, purified populations of RB™ T cells were
adoptively transferred to 6- to 8-week-old TCR™'~ mice.
We routinely transferred 1.0 X 10°% T cells by the intrave-
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nous (i.v.) route. Body weight was monitored weekly, and
mice were taken for analysis when their weight became
less than 75% of the initial weight, or at 12 weeks after
adoptive transfer of RB™ T cells.

Histological Analysis

The stomach was removed by excising the esophagus
and the anal side of the gastro-duodenal junction,
opened along the greater curvature, washed and ex-
tended. Next the stomach was cut longitudinally in the
middle first, and a 3- to 4-mm-wide strip was prepared.
The laterat side of this strip included the fundus, antrum,
and gastro-duodenal junction. This side was cut for prep-
aration of sections for histological examination. At least

one such section from each mouse prepared in this man-.

ner was examined. Duodenal tissues were obtained from
0.5 cm to 3 cm from the gastro-duodenal junction. Co-
lonic tissue was taken from the middle and distal parts of
the large intestine. The tissues were opened, fixed in 5%
glacial acetic acid in ethanol, and paraffin-embedded.
Tissue sections (4 um) were prepared and stained with
hematoxylin and eosin (H&E). In some experiments, 6
um-frozen sections were prepared, dried and fixed with
cold acetone for 10 minuteg, and subjected o histologi-
cal analysis. The immunohistochemical staining was per-
formed using FITC- or bictin-labeled anti-CD3, anti-CD4,
anti-B220, anti-CD11b, and anti-CD11¢c mAbs, respec-
tively (all from BD PharMingen, San Diego, CA), followed
by FITC- or TRITC-labeled streptavidin (BD PharMingen).
For the detection of IgA™, IgG™ or IgM™ plasma cells,
sections were reacted with biotin-labeled anti-mouse IgA
Ab, TRITC-labeled anti-mouse IgG Ab and FITC-labeled
anti-mouse IgM Ab (BD PharMingen) followed by amin-
ocoumarin-labeled streptavidin. Apoptotic cells were de-
tected by TdT-mediated dUTP nick end labeling {TUNEL}
using the Apoptosis in Situ Detection Kit Wako (Wako
Pure Chemicals Industries, Ltd., Osaka, Japan) on par-
affin-embedded sections, according to the vender's pro-
tocol. To detect myeloperoxidase in granulocytes, sec-
tions were directly incubated with a substrate solution,
3,3'-diaminobenzidine tetrahydrochleride (Sigma Chem-
ical Co., St. Louis, MQ) in the presence of H;O,. Histo-
logical scores for gastritis were based on a summation of
scores for cell infiltration (0, none; 1, moderate; 2, se-
vere), epithelial hypertrophy (0, none; 1, moderate; or 2,
severe), erosion (0, nene; 1, focal; or 2, diffuse)}, giant
cells (0, none; 1, less than 2; or 2, more than 3 per
section), and deformity of pits (0, none; 1, moderate; or 2,
severe). Histological scores for duodenitis and colitis
were determined by severity of the inflammation (0, none;
1, mild: 2, moderate; or 3, severe). For histologica! exam-
ination, two observers performed ail of the scoring. One
was a pathologist who was not involved in this research,
and for this examiner, the samples were provided in
blinded fashion.

Furification of Larina Propria Lymphocytes

Peyer's patches were excised from the intestinal wall,
and small intestinal lamina propria lymphocytes (LPLs)
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were prepared as described previously.*® Briefly, the
intestinal tissue was treated with 1 mmol/L EDTA in phos-
phate-buffered saline (PBS) for 20 minutes to remove the
epithelium. The tissue was then digested with type V
collagenase {Sigma) for 20 minutes, and this step was
repeated once more. The mononuclear cells were further
purified by using a discontinuous Percoll gradient of 75%
and 40%.

ELISPOT Assay

Enumeration of antibody forming cells (AFCs} was per-
formed as described previously.** In brief, 96-well nitro-
cellulose plates (Millititer HA, Millipore, Bedford, MA)
were coated with goat anti-mouse Ig (H+L}) [Southern
Biotechnology Associates (SBA), Birmingham, AL]. After
blocking with 1% bovine serum albumin (BSA} in PBS, the
LPLs were incubated for 4 hours at 37°C in moisturized
atmosphere of 5% CO, in an incubator. After washing the
plates, the captured |g was visualized using peroxidase-
labeled anti-mouse IgG, IgA or IgM (SBA). The spots in
the individual wells were counted with the aid of a ste-
recmicroscope.

Quantification of Plasma Immunoglobulin Levels

Plasma immunoglobulin {Ig) levels were determined by a
sandwich ELISA using the combination of anti-mouse Ig
{H+L) (SBA) and peroxidase-labeled anti-mouse 1gG,
IgA, or IgM (SBA} as described previously."”

RT-PCR for mRNA Analysis

Total RNA was prepared from gastric tissue or from sep-
arated cells using an RNA-Bee RNA isolation reagent
(Tel-Test, Inc., Friendswood, TX). Complementary DNA
was synthesized from RNA by reverse transcription (RT).
The PCR primers for murine GAPDH used were 5'-AGC-
CAAACGGGTCATCATCTC and 5'-TGCCTGCTTCACCAC-
CTTCTT; for TNF-a, 5-TTCTGTCTACTGAACTTCGGGGT-
CATCGGTCC-3" and 5'-GTATGAGATAGCAAATCGGCT-
GACGTGTGCC. The step-cycle program was set for dena-
turing at 85°C for 45 seconds, annealing at 60°C for 45
seconds, and extension at 72°C for 45 seconds for a total of
40 cycles. Expression of mRNA was assessed by quantita-
tive PCR using a SYBR Green PCR Master Mix (Applied
Biosystems, Warrington, United Kingdom) and ABI PRISM
7700 Sequence Detector {Applied Biosystems). Quantifica-
tion of mRNA for IFN-y and IL-10 was performed using AB!
Tagman probes (Applied Biosystems). The PCR primers for
IFN-y were 5'-TGATCCTITGGACCCTCTGA and 5'-
GCAAAGCCAGATGCAGTGT, for IL-10, 5-GCTCTTGAC-
TACCAAAGCCAC and 5'-CATGCCAGTCAGTAAGAG-
CAGG. The Tagman probes used for IFN-y were 5'-
CCTCCTGCGGCCTAGCTCTGAGAC and  for  IL-10,
AAGAGAGCTCCATCATGCCTGGCTCA. Threshold cycle
numbers {C;) were determined with Sequence Detector
Software (version 1.7; Applied Biosystems) and frans-
formed using the AC/AAC; method as described by the
manufacturer, with GAPDH used as the calibrator gene.
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