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Table 1

The primer list of TLRs

Gene Accession No. Primers Bases Product size (bp) Annealing

TLRI NMO003263 Sense 5" TGCCCTGCCTATATGCAA-3' (381-398) 555 54
Anti-sense 5'-GAACACATCGCTGACAACT-3’ (918-936)

TLR2 XM003304 Sense 5'-GCCAAAGTCTTGATTGATTGG-3' (1783-1803) 346 52
Anti-sense 5" TTGAAGTTCTCCAGCTCCTG-3 (2110-2129)

TLR3 NMO003265 Sense 5'-CGCCAACTTCACAAGGTA-3¥ (277-294) 689 54
Anti-sense 5'-GGAAGCCAAGCAAAGGAA-3 (949-966)

TLR4 XMO005336 Sense 5'"-TGGATACGTTTCCTTATAAG-3' (1768-1787) 506 52
Anti-sense 5-GAAATGGAGGCACCCCTTC-3' (2256-2274)

TLRS NMO003268 Sense 5-ATCTGACTGCATTAAGGGGAC-3' (2274-2294) 567 52
Anti-sense 5" TTGAGCAAAGCATTCTGCAC-3' (2822-2841)

TLR6 NMO006068 Sense 5'-CCTCAACCACATAGAAACGAC-3 (832-852) 531 50
Anti-sense 5'-CACCACTATACTCTCAACCCAA-Y (1342-1363)

TLR7 NMO016562 Sense 5-AGTGTCTAAAGAACCTGG-3' (2222-2239) 544 50
Anti-sense 5'-CCTGGCCTTACAGAAATG-3 (2749-2766)

TLRSB NMO016610 Sense 5'-CAGAATAGCAGGCGTAACACATCA-3' (1909-1932) 639 56
Anti-sense 5-AATGTCACAGGTGCATTCAAAGGG-3' (2522-2545)

TLRY NMO017442 Sense 5'-GTGCCCCACTTCTCCATG-3' (791-808) 259 50
Anti-sense 5'-GGCACAGTCATGATGTTGTTG-3 (1030-1050)

TLR10 NMO030956 Sense 5-CTTTGATCTGCCCTGGTATCTC-3’ (2286-2307) 497 52
Anti-sense 5-AGCCCACATTTACGCCTATCCT-3 (2783-2286)

GAPDH XM033263 Sense 5'-CCATCACCATCTTCCAGGAG-Y (293-312) 575 60
Anti-sense 5-CCTGCTTCACCACCTTCTTG-% (849-868)

ELISA. To quantify cytokine secretion, culture supernatants were
harvested and the level of IL-6 and IL-8 was assayed by human
cytokine-specific ELISA (Biosource, Camarillo, CA).

Real-time semi-quantitative PCR. This was performed on an ABI-
prism 7700 (Applied Biosystems, Foster City, CA) according to a pre-
viously described protocol [27] and the manufacturer’s instructions.
Total cellular RNA extraction and the first cDNA synthesis were as
described above. The primers and probes for human IFN-B, human
molecules possessing ankyrin-repeats induced by LPS (MAIL), and
human GAPDH were from Perkin-Elmer Applied Biosystems. Previ-
ously reported primer and TagMan probes for human IL-6 and IL-8
were used. The primers for IL-6 were 5-TGACAAACAAATT
CGGTACATCCT-3'and 5'- AGTGCCTCTTTGCTGCTTTCAC-3;
the TagMan probe for human IL-6 was 5-TTACTCTTGTTACA
TGTCTCCTTTCTCAGGGCTG-3 [28]. The primers for human IL-8
were 5'-GCGCCAACACAGAAATTATTGTAA-3 and 5'-TTATGA
ATTCTCAGCCCTCTTCAA-3'; the TagMan probe for IL-8 was 5'-
TTCTCCACAACCCTCTGCACCCAGTT-3' [27] The probes were
synthesized by Perkin-Elmer Applied Biosystems. To amplify human
1L-6, IL-8, IFN-3, MAIL, and GAPDH cDNA, PCR was performed in
a 25-pl total volume that contained a 1 pl cDNA template in 2x TagMan
universal PCR master mix {Applied Biosystems) at 50 °C for 2 min and
95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for
1 min. The results were analyzed with sequence detection software
(Applied Biosystems); the expression level of each mRNA was normal-
ized to the expression of the human housekeeping gene GAPDH.

Data analysis. Data were expressed as means =+ SE and evaluated
by Student’s ¢ test using the Excel program.

Results

Expression of TLR3-specific mRNA in human corneal
epithelium

We first examined whether human corneal epithelium
expresses specific mRNA for TLRs 1-10. TLR-specific

RT-PCR showed that mRNA from all but TLRS was
present in normal human corneal epithelium (Fig. 1).
Among TLR-specific mRNA tested, TLR3 was ex-
pressed most intensely. When, as a positive control, we
also subjected mRNA isolated from HPMC to RT-
PCR, we found that these cells expressed TLRs 1-10.
We then isolated, subcloned, and sequenced the PCR
products. The obtained sequences were >95% identical
with the known nucleotide sequences of human TLRs.
Our findings suggest that while human corneal epithe-
liom harbors messages for most TLRs, TLR3 is the
one with the highest expression level. The expression
of TLR3 was higher, while that of the other TLRs was
lower, in human corneal epithelium than HPMC.

Primary HCEC express TLR3, but not TLR2 and TLR4,
on the cell surface

Next we examined the cell-surface expression of
TLR2, TLR3, and TLR4 on primary HCEC. While
TLR3 was expressed on the surface of primary HCEC,
TLR2 and TLR4 were not (Fig. 2). In positive controls,
TLR2 and TLR4 were expressed on the cell surface of
human peripheral blood monocytes and TLR3 was ex-
pressed on the cell surface of MRC-5 [29].

Primary HCEC respond to polyl: C but not LPS

Next we determined whether HCEC respond to
polyl:C, a mimic of TLR3 ligand dsRNA. We first
examined the production of inflammatory cytokines by
primary HCEC stimulated with polyl:C and LPS. As



288 M. Ueta et al. | Biochemical and Biophysical Research Communications 331 (2005) 285-294

Human corneal

HPMIC
RT+

epithelium
GAPDH -
TLE1
TLR 2
TLR 3
TLR 4
TLRE S
TLRE &
TLR 7
TLR S8
T1LR S

TLR 10

Human corneal
epithelium

HPMC

Fig. 1. The level of TLR3 expression is higher in human corneal epithelium than HPMC. Normal human corneal epithelium expresses mRNAs
for TLRs 1-7 and 9-10 but not TLRS. As a positive control, mRNA isolated from human peripheral mononuclear cells (HPMC) was subjected to
RT-PCR (left column). RT— indicates data were obtained without reverse transcription (controls).

shown in Fig. 3A, polyl:C stimulation induced the secre-
tion of IL-6 and IL-8 while LPS treatment did not; in
LPS-treated primary HCEC the level of IL-6 and 11.-8
was similar to that seen in unstimulated cells. On the
other hand, LPS stimulation significantly increased the
production of 1L-6 and IL-8 by HPMC and HCFB.
These findings were confirmed at the mRINA expres-
sion level. In primary HCEC, stimulation with polyl:C,
but not LPS, resulted in the increased expression of
IL-6- and II.-8-specific mRNA. Conversely, HPMC re-
sponded to LPS- but not to polyl:C stimulation and
HCFB responded to both LPS and polyl:C (Fig. 3B).
IFN-B is controlled with TLR3/IRF-3 signaling.
Thus, IFN-B-specific mRNA was significantly elevated
in polyl:C- but not LPS-stimulated primary HCEC.
Similarly, polyL:C but not LPS stimulated the induction
of IFN-B in HPMC and HCFB. Surprisingly, IFN-f3-

specific mRNA expression was markedly higher in pri-
mary HCEC than HPMC and HCFB (Figs. 4A and
B). Although primary human fibroblasts such as HCFB
and MRC-5 expressed TLR3 on their cell surface, the
cell-surface expression of TLR3 was more notable in
primary HCEC (Fig. 4C).

Induction of IxBo- and MAIL-specific mRNA by
polyl:C, but not LPS, in primary HCEC

In epithelial cells, the transcription factor NF-xB
plays a central role in regulating genes that govern the
onset of mucosal inflammatory responses. The primary
consequences of TLR activation are NF-«B activation,
cytokine secretion, and the expression of co-stimulatory
molecules [9,30]. These responses help to promote and
shape the critical immunological processes that facilitate
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Fig. 2. Primary HCEC express TLR3, but not TLR2 and TLR4, on the cell surface. The cell-surface expression of TLR2, TLR3, and TLR4 was
examined by flow cytometry. For TLR3 expression, cells were incubated (30 min, 4 °C) with mouse anti-human TLR3 monoclonal antibody or
isotype control mouse IgGl. Alexa Fluor 488 goat anti-mouse IgG (H + L) was the secondary antibody. For TLR2 and TLR4 expression, cells were
incubated (30 min, 4 °C) with PE-conjugated mouse anti-human TLR2 (TL2.1), TLR4 (HTA125) monoclonal antibody, or isotype control mouse
IgG2a. The histogram data are representative of three separate experiments.

the control and clearance of pathogens. We examined
whether polyl:C stimulation of primary HCEC induced
mRNA specific for the IxB family, regulators of NF-kB,
such as IxBa and MAIL. We found that the expression
of IkBa- and MATL-specific mRNA was in fact elevated
by polyl:C but not LPS (Fig. 5). These mRNAs were not
up-regulated in polyl:C-stimulated HPMC, but their
expression was significantly up-regulated upon stimula-
tion with LLPS as described previously [31]. It is of note
that MAIL-specific mRNA was elevated by both
polyl:C and LPS in HCFB. Taken together, these find-
ings show that polyl:C could up-regulate IxBa and
MAIL expression in primary HCEC via TLR3 (Fig. 5).

Polyl: C stimulates the gene expression and surface
expression of TLR3 in primary HCEC

In macrophages, high TLR3- but not TLR4 gene
expression levels are induced by TLR3 and TLR4 ago-
nists [32]. In the context of this autocrine loop of
TLR3 expression, we examined whether TLR-specific
mRNA was inducible in primary HCEC by the TLR3
agonist polyl:C. As shown in Fig. 6A, TLR3-specific
mRNA was highly elevated in primary HCEC stimu-
lated with polyl:C. Interestingly, increased TLR2 and
TLR4 gene expression was also observed in polyl:C-

but not LPS-stimulated primary HCEC. Furthermore,
as shown in Fig. 6B, the cell-surface expression of
TLR3, but not of TLR2 and TLR4, was increased.
These observations raise interesting questions regarding
the role of TLR3 in the host defense mounted by corneal
epithelium.

Discussion

We provide evidence for the gene and surface expres-
sion of TLR3 in human corneal epithelium and suggest
that expressed TLR3 is functionally active in the secre-
tion of the mflammatory mediators IL-6, TL-8, and
IFN-B. We thus documented that polyl:C can induce
the secretion of inflammatory mediators by primary
HCEC. The ability of IFN-B to prevent the death of
anergic cells, in addition to its anti-proliferative effect,
may be one way in which the immune system regains a
quiescent state after activation [33]. Further studies are
necessary to elucidate the pathological role of IFN-
produced by HCEC. It is noteworthy that TLR 3 expres-
sion was up-regulated by the TLR3 agonist polyl:C.
Furthermore, the up-regulation in primary HCEC of
IxB-oo and MAIL (a human homologue of IxB(, a
NF-«B regulator in the nucleus) by polyl:C suggests a



290

M. Ueta et al. | Biochemical and Biophysical Research Communications 331 (2005) 285-294

A Cytokine production
HCEC HPMC HCFB
(pg/mb (pg/ml) (pg/ml)
8000 7000 5000
7000 o 0
6000 600 4000
5000
L6 00 4000 3000
4000
2000 3000 2000
2000
2000 Lano}
1000 1000
0 edi f.f:s IyI:C R |LPS LT O cdium LPE  polyl:C
3 o4y s 5
medtum i 385 MECUI | hgind 25pigiml mediumn ) e 25 P
800 9000 1400
TD‘] ok gggg Ak 12[“] |
600 6000 1000
IL-§ 500
400 5000 800t
200 4600 600
2 3000 400t
200 2000
100 N.D. N.D. 1000 ’J—I ’—[—} 2001
o 0
& LPS olvIl:C dis LPS olyl:C i LPS IyvI:C
medium i/l Bspbfml nedium )"5“,*'1“1 medium 1ngfm ]}gp};fml
B Quantitive RT-PCR
HCEC HPMC HCFB
~2500 ~ 500 ~14
¢§ *ﬁ§ wk '-ﬂE 12
2 82000 2 E 400 ZET
E& E& EZ10¢
9% 1500 ‘2T 300 w® of
IL¢ 28 g 2% 8
EE 1000 :’:E 200 EE 6t
5% 95 g% 4t
£5 s00 £5 100 85 |
£ 8 58 °
B U dum IPS paliLC B0 dium  LPS  polvi:C B O e TIPS pabL:C
: i oly i P ]
eI efnl I8yl medium | ol 35 gl medium it 38/t
w5 =25 =50
28 8 e
%8 20 %520 =540
@ oo oot
iL-8 =515 gg 15 =g 30
] g |
-] -3 -]
&8 10 2510 2520
g fa 8
EE 5 55 s E510
88 88 a8
& gl | ~% plLeo — ~E b=
medium LPS gg}:jn(il e dium L fml 2}]\.‘;’“&1 me dium LPS gg:ﬁr‘a

Fig. 3. The production and mRNA expression of IL-6 and IL-8 by primary HCEC. Primary HCEC and HCFB were cultured to sub-confluence and
exposed to 1 pg/ml LPS from P. aeruginosa or 25 pg/ml polyl:C for 6 h. HPMC were cultured at a density of about 1 x 10° cells/ml and exposed to
either 1 pg/ml LPS from P. aeruginosa or 25 pg/ml polyl:C for 6 h. (A) The culture supernatants were harvested and assayed by cytokine-specific
ELISA for IL-6 and IL-8. (B) Total RNA was isolated from these cells with the Trizol reagent (Life Technologies). The RT reaction was performed
with the SuperScript preamplification system (Invitrogen). Real-time semi-quantitative PCR was on an ABI-prism 7700. The Y axis shows the
increase of specific mRNA over unstimulated samples. Data are representative of three separate experiments and show means == SEM from an
experiment carried out in triplicate wells (*p < 0.05; *¥p <0.01; **¥p < 0.005; and ****p < 0.001).

novel role for TLRs in ocular surface physiology. The
new findings presented here contribute to a better under-
standing of innate ocular surface immunity.

Anovel IxB protein, IkB{/MAIL, induced by IL-1 and
PAMPs regulates NF-xB in the cell nucleus. The induc-
tion of IxB( is controlied by NF-xB, which, in turn, is
negatively regulated by IkBC, thereby forming an autono-
mous negative-feedback loop [34]. We postulate that
1kBC in ocular surface epithelium negatively regulates

the pathological progression of ocular surface inflamma-
tion [35].

IxB( was originally reported as a regulator of NF-xB
induced by IL-1 and LPS [36]. LPS stimulation induced
IxBC in macrophages [31,34], but not primary HCEC
(Fig. 4C). Furthermore, IxBC( is reportedly indispensable
for IL-6 production in response to TLR ligands and is a
positive regulator of NF-kB in the two-step process of
I1L-6 gene activation [37]. The implications of the
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Fig. 4. Comparison of IFN-B mRNA expression and TLR3 cell-surface expression. (A) HCEC, HCFB, and HPMC were cultured as in Fig. 3 and
exposed to either 1 ug/ml LPS from P. aeruginosa or 25 pg/ml polyL:C for 3 h. Subsequent procedures were as in the assay of mRNA expression. The
¥ axis shows the increase of specific mRNA over unstimulated samples. Data are representative of two separate experiments and show means + SEM
from an experiment carried out in triplicate wells (***p < 0.005). (B) The methods were as in (A). The actual ratio of IFN-/GAPDH mRNA and the
relative ratio in HCEC are summarized in the table. (C) Cell-surface expression of TLR3 was examined by flow cytometry. Cells were incubated
(30 min, 4 °C) with mouse anti-human TLR3 monoclonal antibody or isotype control mouse IgG1. Alexa Fluor 488 goat anti-mouse IgG (H + L)
was the secondary antibody. The histogram data are representative of three separate experiments.

induction by polyl:C of IxB{/MAIL in primary HCEC
remain to be determined.

The epithelial expression of TLRs may be of impor-
tance in inflammation and immunity in response to
pathogens [38-41]. Unique patterns of TLR expression
appear to exist at different host-environment tissue
interfaces. Under physiological conditions, the corneal
epithelium appears to be hyporesponsive to commensal
bacteria to which it is consistently exposed. We previ-
ously reported that HCEC failed to respond function-

ally to LPS or PGN because they lack TLR2 and
TLR4 on their cell surface [20]. Despite the presence
of TLR2 and TLR4 in their cytoplasm, HCEC did not
respond to experimentally translocated LPS [20]. This
is indicative of a characteristic difference between HCEC
and immune-competent cells such as macrophages. The
selective expression of TLR3 in human corneal epithe-
lium (Fig. 1) contrasts with the ubiquitous expression
of TLR family members in HPMC and indicates that
the regulation and localization of TLR3 are different
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in these cells. This may reflect the participation of cell
type-specific multiple pathways in antiviral IFN induc-
tion via TLR3 [42]. However, the previous work does
not exclude the role of inflammation-dependent TLRs
on HCEC or on antigen-presenting cells infiltrating cor-
neal tissue. IFN-a up-regulated TLR3 mRNA expres-
sion in epithelial cells and IFN-y enhanced TLR3
expression in epithelial- and endothelial cells [43]. In
macrophages, TLR3 expression is inducible by both
TLR3 and TLR4 ligands, although these stimuli fail to
induce TLR4 expression. Furthermore, TLR3 and
TLR4 require the IFN-B8 autocrine/paracrine feedback
mechanism to induce TLR3 expression and to activate
and/or enhance genes required for antiviral activity
[32]. IFN-0/B is critical for the measles virus-mediated
up-regulation of TLR3 induction [44). Given that cell-
surface TLR3 expression was up-regulated by an agonist
of TLR3, polyl:C (Fig. 6), and that polyl:C was able to
induce the gene expression of IFN-B in HCEC (Fig. 4B),
it is conceivable that IFN-B is crucial for the innate im-
mune response of the ocular surface to pathogenic and
nonpathogenic viruses and bacteria.

LPS up-regulates TLR3 expression in murine phago-
cytic cells through autocrine IFN-B induction. In hu-
mans, however, the IFN-B-induced up-regulation of
TLR3 was blocked by pretreatment with LPS [45]. This
observation coincides with our present results that
TLR3 expression was not up-regulated by an agonist
of TLR4, LPS (Fig. 6), and that LPS was incapable of
inducing the gene expression of IFN-$ in HCEC (Fig.
4A). The species-specific differences between humans
and mice in their responses to LPS coincide with the
presence of different, evolutionary nonconserved pro-

HPMC HCTB

S o= RW s TN B

T ﬁ

ot
[N

ok i

—t
=
T

ogrlt]:llg I-f’n“fﬁﬁ'ﬂ sﬁg Y s];lmp Ees)

=[]

e dium LPS E

= B LS — S -]
t T ¥

medium _LPS SohIC
Tpg/ml 2S5pgiml

l_r—‘ /M

e
[N N
7

ot
=
4

Inc: f BA R
o errﬁg%u?am%s?mpi%)

[~ S T N - -]
T T T T

N

medium LPS Eolyl C

LPS IyI: C
niediunt Egp‘;/ -1
Fig. 5. Augmentation of MAIL and IxB-o gene expression in polyl:C-stimulated primary HCEC. HCEC, HCFB, and HPMC were cultured as in
Fig. 3 and exposed to either 1 ug/ml LPS from P. aeruginosa or 25 pg/ml polyL:C for 3 h, subsequent procedures were as in the assay of mRNA
expression. The Y axis shows the increase of specific mRINA over unstimulated samples. Data are representative of two separate experiments and
show means + SEM from an experiment carried out in triplicate wells (*p < 0.05; *#*p < 0.005; and **¥*p < 0.001).
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moter sequences in both species. The intriguing func-
tionality of TLR3 in HCEC and the far more potent
induction of IFN-B by a TLR3 agonist in HCEC than
fibroblasts require elucidation of the molecular mecha-
nisms that regulate TLR3 expression on HCEC.

Although all TLRs activate NF-xB, not all TLRs
activate IRF3 or induce IFN-$ expression. TLR3 and
TLR4 are the best-characterized TLRs known to acti-
vate IRF3 [30]. The TIR domain-containing adapter-in-
ducing IFN-§ (TRIF) is also an adapter for TLR3 and
TLR4 [46,47]. Unlike the other TLRs including TLR4
that use the common MyD88-dependent pathway,
TLR3 seems to employ only MyD88-independent
TRIF-dependent pathways. These biochemical findings
may account for the distinctly different responses elicited
by polyl:C and LPS in the present study.

Type I IEN is induced not only by viral but also by
bacterial infection [22,48]. An understanding of the role
of the TLR3-IFN-B-link is crucial for understanding the
involvement of type I IFN in TLR3-induced biological
effects on the ocular surface. O’Conell et al. [49] reported
that type I IFNs play a different role in bacterial and vir-
al infections. The sophisticated interplay between bacte-
ria and viruses may culminate in the exacerbation of
pathological inflammation on the ocular surface.

In summary, the innate immune responses in mucosal
epithelial cells such as HCEC differ from those in im-
mune-competent cells such as macrophages. The eluci-
dation of the unique innate immune response in
mucosal epithelium is critical for a better understanding
of the symbiotic relationship between mucosal epithelial
cells and commensal bacteria inhabiting the mucosal
surface.
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Fig. 6. Augmentation of TLR3 expression on HECE by polyl:C stimulation. (A) Augmentation of TLR3 gene expression in polyl:C-stimulated
primary HCEC. Primary HCEC were cultured to sub-confluence in 25 cm” flasks (2 x 10° cells/flask) and exposed to 1 ug/ml LPS from P. aeruginosa
or 25 pg/ml polyI:C for 6 h. RNA extraction, RT reaction, and real-time semi-quantitative PCR were as in Fig. 3. The Y axis shows the increase of
specific mRNA over unstimulated samples. Data are representative of three separate experiments and show means &= SEM from an experiment
carried out in triplicate wells. (B) Augmentation of TLR3 cell-surface expression on polyl:C-stimulated primary HCEC. Primary HCEC were
cultured to sub-confluence in 75 cm? flasks (6 x 10° cells/flask) and untreated or exposed to 25 pg/ml polyl:C for 6 h. The cell-surface expression of
TLR2, TLR3, and TLR4 was examined by flow cytometry. For TL.R3 expression, cells were incubated (30 min, 4 °C) with mouse anti-human TLR3
monoclonal antibody or isotype control mouse IgG1l. Alexa Fluor 488 goat anti-mouse IgG (H + L) was the secondary antibody. For TLR2 and
TLR4 expression, cells were incubated (30 min, 4 °C) with PE-conjugated mouse anti-human TLR2 (TL2.1), TL.R4 (HTA125) monoclonal antibody,

or isotype control mouse IgG2a. The histogram data are representative of two separate experiments (dotted line, isotype control; thin line, untreated;
and bold line, stimulated with 25 ug/ml polyl:C for 6 h).
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Colitis in Mice Lacking the Common Cytokine Receptor vy
Chain Is Mediated by IL-6 —Producing CD4* T Cells
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Background & Aims: Mice that have a truncated muta-
tion of the common cytokine receptor v chain (CRy~Y)
are known to spontaneously develop colitis. To identify
the pathologic elements responsible for triggering this
localized inflammatory disease, we elucidated and char-
acterized aberrant T cells and their enteropathogenic
cytokines in CRy~/Y mice with colitis. Methods: The his-
tologic appearance, cell population, T-cell receptor V@
usage, and cytokine production of lamina propria lym-
phocytes were assessed. CRy™Y mice were treated with
anti—-interleukin (IL)-6 receptor monoclonal antibody to
evaluate its ability to control colitis, and splenic CD4+ T
cells from the same mouse model were adoptively
transferred into SCID mice to see if they spurred the
appearance of colitis. Results: We found marked thick-
ening of the large intestine, an increase in crypt depth,
and infiltration of the colonic lamina propria and sub-
mucosa with mononuclear cells in the euthymic CRy~/Y
mice, but not in the athymic CRy~/¥ mice, starting at the
age of 8 weeks. Colonic CD4* T cells with high expres-
sions of antiapoptotic Bcl-x and Bcl-2 were found to use
selected subsets (VB14) of T-cell receptor and to exclu-
sively produce IL-6. Treatment of CRy~Y mice with anti-
IL-6 receptor monoclonal antibody prevented the forma-
tion of colitis via the induction of apoptosis in IL-6-
producing CD4* T cells. Adoptive transfer of pathologic
CD4* T cells induced colitis in the recipient SCID mice.
Conclusions: Colonic IL-6-producing thymus-derived
CD4* T cells are responsible for the development of
colitis in CRy~/Y mice.

he gastrointestinal immune system is continuously
Texposed to a harsh environment of microbial and
mitogenic stimulation. To maintain immunologic ho-
meostasis, the gastrointestinal mucosa is equipped with a
regulatory T-cell network formed by an array of subsets
of af or y8 T-cell receptor (TCR)-bearing T cells (a8 or

v0 T cells). A delicate balance between Thl- and Th2-
type CD4™* a3 T cells is essential for the induction and
regulation of a secretory immunoglobulin (Ig) A re-
sponse.! Interferon (IFN)-y, a well-known Thl cell-
derived cytokine, induces secretory component (or poly-
meric Ig receptor) production by epithelial cells for the
formation and transport of secretory IgA.2 IgA-enhanc-
ing cytokines such as interleukin (IL)-5 and IL-6, which
are produced by Th2 cells, induce IgA-committed B cells
to differentiate into IgA plasma cells.! Further, Th3 cells
and/or regulatory T cells (Trl cells) produce transform-
ing growth factor (TGF)-$ and IL-10, 2 suppressor cy-
tokines that prevent inflammation and induce oral tol-
erance.®> yd T cells have also been shown to be involved
in the regulation of IgA responses.*

Immunologic diseases of the gastrointestinal tract,
such as inflammatory bowel disease (IBD), may occur
when the immunologic harmony of the regulatory T-cell
network is disturbed, as by alterations of intestinal en-
vironments, including cytokines and their receptor-me-
diated signaling cascades, and the gut microflora.>-'¢
Indeed, chronic IBD-like disease development has been
observed in mice that have undergone various rargeted
disruptions of cytokine genes,!''> TCR components,!3-!3
or a G-protein gene.' Further, most of these inflamma-

Abbreviations used in this paper: CR+y, common cytokine receptor vy
chain; ELISA, enzyme-linked immunosorbent assay; FACS, fluores-
cence-activated cell sorter; FITC, fluorescein isothiocyanate; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IFN, interferon; IL, inter-
leukin; 1L-6R, interleukin-6 receptor; LCR, LightCycler Red 640; LP,
lamina propria; mAb, monoclonal antibody; PCR, polymerase chain
reaction; PE, phycoerythrin; SP, spleen; TCR, T-cell receptor; TGF,
transforming growth factor; TNF, tumor necrosis factor.
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tory diseases do Hot occur in the absence of gastrointes-
tinal flora.l7-1?

The murine common cytokine receptor <y chain (CRy)
is a 64-kilodalton type-1 transmembrane protein of the
cytokine receptor family.20-#1 CRvy alone is unable to
bind to cytokines, but the vy chain is an essential com-
ponent of the cell-surface receptor complexes of IL-2,
11-4, 1L-7, IL-9, and IL-15.2%2? Disruption of the CR~y
has been shown to result in an absence or severe reduc-
tion in numbers of natural killer cells, decreased numbers
of T cells (including thymus-independent T cells) and B
cells, marked hypoplasia of the thymus and peripheral
lymphoid tissues, defective formation of lymphoid folli-
cles,?»?> and marked splenomegaly and mesenteric
lymphadenopathy.?$2> Disruption of CR+ is also known
to lead the gut-associated tissue and mucosal y6 T cells
deficient in key elements, thereby disturbing the muco-
sal immune system,?2 and CRY™"Y mice spontaneously
develop chronic large intestinal inflammation. Thus, we
decided to examine the possible pathologic elements
responsible for the development of intestinal inflamma-
tion and the cellular and molecular aspects of the pathol-
ogy seen in CRY™'Y mice, focusing on aberrant T cells
and their enteropathogenic cytokines.

Materials and Methods

Mice

Euthymic (nu/+) mutant CRy™"Y, euthymic (nu/+)
wild-type CRy*", and athymic (nu/nu) mutant CRy™ mice
(Japan Clea, Tokyo, Japan) were used for the generation of
CRY™ mutants with a BALB/c background. The original
CR~y™"* mice with B6 background?$ were crossed with athymic
BALB/c mice, and their heterozygous CRy™’* progeny were
backcrossed to athymic BALB/c mice to obtain euthymic
(nu/+) wild-type CRy*"Y, euthymic (nu/+) mutant CRy™"Y,
and athymic (nu/nu) mutant CRy™ littermates. Male CRy™¥
offspring were typed by polymerase chain reaction (PCR)
analysis of tail DNA with a set of primers to the neomycin-
resistant gene described elsewhere.?” All mice used for exper-
iments were between 6 and 20 weeks of age, and the absence
of the thymus was checked at necropsy. CRY™¥ mice on a
BALB/c background were obtained from the B6 mice back-
crossed more than 20 times to athymic BALB/c nude mice.
The mice were housed in the Experimental Animal Facility at
the Research Institute for Microbial Diseases at Osaka Uni-
versity. All mice were kept on a 12-hour light/dark cycle and
received sterilized food and autoclaved distilled water ad libi-

tum.

Isolation of Lymphoid Cells From Mucosa-
Associated Tissues and Spleen

Spleen (SP) and mesenteric lymph nodes were asepti-
cally removed, and single-cell suspensions were prepared by a
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standard mechanical disruption procedure.®*1* Single-cell
suspensions of Peyer’s patches and lamina propria (LP) lym-
phocytes were prepared by an enzymatic dissociation method,
using collagenase as previously described.4!4-1% The viability of
the Peyer’s patches, mesenteric lymph nodes, and SP cells was
98% and that of the LP lymphocytes was 95%.

Culture Conditions for the Analysis of
Cytokine Production

LP and SP T cells from CR-y~"Y and control mice were
resuspended and cultured in complete medium consisting of
RPMI 1640 supplemented with 3 mmol/L 1-glutamine, 10
mmol/L HEPES buffer, 10 pg/mlL gentamicin, 100 U/mL
penicillin and 100 pg/mL streptomycin, 0.05 mmol/L 2-mer-
captoethanol, and 10% fetal calf serum (Hyclone Co, Salt Lake
City, UT) for the assessment of Thl and Th2 cytokine syn-
thesis.#!415 For measurement of TGF-B production, serum-
free media supplemented with 1% Nutridoma-SP (Boehringer
Mannheim Biochemicals, Indianapolis, IN) were used.?® For
the analysis of spontaneous cytokine production, purified LP or
SP T cells (1 X 10% cells/mL) were added to culture wells
(24-well Costar plates) without exogenous stimulation and
cultured for 48 hours (Th1 and Th2 cytokine) and 60 hours
(TGF-[3).?% The culture supernatants were then harvested and
assayed by cytokine-specific enzyme-linked immunosorbent
assay (ELISA) by using the Biotrak IFN-y, IL-2, IL-4, IL-5,
IL-6, IL-12, tumor necrosis factor (TNF)-a ELISA system
(Amersham Pharmacia Biotech, Aylesbury, England) and
Predica TGF-B ELISA system (Genzyme Corp, Cambridge,
MA) according to the manufacturet’s protocol. Detection levels
of these cytokines were 37-3000 pg/mL for IFN-y, 34850
pg/mL for IL-2, 15-375 pg/mL for IL-4, 20-320 pg/mL for
IL-5, 50-2000 pg/mL for IL-6, 47-3000 pg/mL for IL-12,
502450 pg/mL for TNF-a, and 31.2-2000 pg/mL for
TGEF-8.

Flow Cytometric Analysis and Cell Sorting

Immunofluorescent analysis was performed using
FACScan flow cytometry (Becton Dickinson, Mountain View,
CA). Cells stained with single-color reagent were used to set
the appropriate compensation levels, and at least 10,000 events
were analyzed. Cell sorting was performed on a FACStar
(Becton Dickinson). The following monoclonal antibodies
(mAbs) from BD PharMingen (San Diego, CA) were used:
anti-CD4 (clone RM4-5), anti-CD8 (53-6.7), anti-CD3€ (145-
2C11), anti-CD45R/B220 (RA3-6B2), anti-CD11b (M1/70),
anti-TCRB (H57-597), anti-TCRS (GL3), anti-TCR VB2
(B20.6), anti-TCR VB3 (KJ25), anti-TCR VB4 (KT4), anti-
TCR VB5.1/5.2 (MR9-4), anti-TCR VB6 (RR4-7), anti-TCR
VB7 (TR310), ant-TCR VB8.1/8.2 (MRS5-2), anti-TCR
VB8.3 (1B3.3), anti-TCR VB9 (MR10-2), anti-TCR VB10°
(B21.5), anti-TCR V{311 (RR3-15), anti-TCR VP12 (MR11-
1), anti-TCR V{313 (MR12-3), and anti-TCR VP14 (14-2).

For 2-color flow cytometry, 1 X 10° cells in 20 pL phos-
phate-buffered saline (PBS) containing 2% fetal calf serum and
0.02% sodium azide were first incubated with anti-Fc receptor
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mAb (BD PharMingen) to prevent nonspecific staining and
then stained with the appropriate fluorescein isothiocyanate
(FITC)-conjugated mAb, (PE)-conjugated
mAb, and/or biotinylated mAb followed by streptavidin-phy-
coerythrin (BD PharMingen). All mAbs were used at the
saturating concentrations recommended by the manufacturer.

phycoerythrin

Staining of intracellular cytokines was performed in accor-
dance with a modified version of the manufacturer’s protocol
for Fix & Perm Cell Permeabilization Kits (Caltag Laborato-
ries, Vienna, Austria) using the following monoclonal antibod-
ies: FITC/anti-CD11b, FITC/anti-CD4, PE/anti—IL-G, and PE/
anti-IFN-y (BD PharMingen).?® Negative control samples
were stained with irrelevant, isotype-matched PE-conjugated
rat IgG1 antibody.

Quantitative Reverse-Transcription PCR

A highly sensitive, quantitative RT-PCR was per-
formed to analyze the IL-6 receptor (IL-6R)~ and the anti-
apoptotic gene (Bcl-x and Bcl-2)-specific mRNA expressions
by CD4* T cells isolated from the colonic LP of diseased
CRY™ mice.?® Total RNA was extracted from fluorescence-
activated cell sorter (FACS)-purified CD4" T cells by using
TRIzol reagent (Invitrogen, Carlsbad, CA). The RNA was
reverse transcribed into complementary DNA (cDNA) using
Superscript I reverse transcriptase (Invitrogen), ribonuclease
inhibitor (Toyobo, Tokyo, Japan), oligo(dT)12—18 primer (In-
vitrogen), and deoxyribonucleoside IL-6R mAb (kindly pro-
vided by Chugai Pharmaceuticals Co, Ltd, Tokyo, Japan)
triphosphates (Amersham Pharmacia Biotech,  Arlington
Heights, IL). The mixture was incubated at 42°C for 120
minutes and heated to 90°C for 5 minutes. After treatment
with ribonuclease H (Toyobo), the synthesized cDNA was
extracted by phenol/chloroform. Then, the IL-6R— and the
antiapoptotic gene (Bcl-x and Bcl-2)-specific ¢cDNA were
quantified using LightCycler-DNA Master Hybridization
Probes (Roche Diagnosis, Mannheim, Germany). For the am-
plification of cDNA, 20 pL of the PCR mix was added to each
tube to give a final concentration of 0.05 pwmol/L 5" primer,
0.05 pmol/L 3" primer, 0.2 pmol/L FITC-labeled probe, 0.2
pmol/L LightCycler Red 640 (LCR)-labeled probe, 2 mmol/L
MgCl,, and 1 X LightCycler-DNA Master Hybridization
Probes mix (Roche Diagnosis). We used the oligo primers
specific for IL-GR (sense, 5'-AAGAGTGACTTCCAGGTGCC-
3'; antisense, 5’ -GGTATCGGAAGCTGGAACTGC-3"), Bdl-x
(sense, 5’ -TGGTCGACTTTCTCTCCTAC-3'; antisense, 5~
GAGATCCACAAAAGTGTCCC-3"), Bcl-2 (sense, 5'-TGCAC-
CTGACGCCCTTCAC-3'; antisense, 5'-TAGCTGATTCGAC-
CATT TGCCTGA-3'), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (sense, 5'-TTCACCACCATG-
GAGAAGGC-3'; antisense, 5 -GGCATGGACTGTGGT-
CATGA-3"). To detect the targer molecule, we then followed
the manufacturer’s protacol to prepare an FITC-labeled hybrid
probe and an LCR-labeled hybrid probe to IL-6R (FITC,
5'-TGATACCACAAGGTTGGCAGGTGG-3"; LCR, 5'-
TCCGGCTGCACCATTTTTAAGCTG-3'), Bcl-x (FITC, 5'-
CTCTTTCGGGATGGAGTAAACTGGGG-3'; LCR, 5'-
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CGCATCGTGGCCTTTTTCTCCTIT-3"), Bcl-2 (FITC, 5'-
CCCTGTTGACGCTCTCCACACACA-3'; LCR, 3'-
GACCCCACCGAACTCAAAGAAGGC-3"), and GAPDH
(FITC, 5'-TGGG TGTGAACCACCAGAAATATGAC-3';
LCR, 5-ACTCACTCAAGATTIGTCAGCAATGCA-3'). After
heating at 94°C for 2 minutes, cDNA were amplified for 40
cycles, with each cycle consisting of 95°C for 10 seconds, 55°C for
30 seconds, and 72°C for 30 seconds. Once during the cycle the
log-linear signal could be distinguished from the background, it
was then possible to compare the target concentrations (external
standard) in samples with an internal standard in the same
samples. After the PCR had been completed, the LightCycler
software (Roche Diagnosis) automatically converted the raw data
into copies of target molecules. In this study, the relative quan-
titative expression of IL-6R—, Bcl-x—, or Bcl-2—specific mRNA in
each sample was expressed as the quantity of the respective
mRNA divided by the quantity of mRINA GAPDH.3¢

Treatment of Mice With Anti-IL-6R mAb

Rat IgG anti-mouse IL-6R mAb?! or isotype-matched
rat IgG (BD PharMingen) at a dose of 8 mg per mouse was
injected intraperitoneally into euthymic (nw/+) mutant
CR+vy™"Y mice at the age of 6 weeks. The weekly mAb treat-
ment was continued for 4 weeks. Rat anti-mouse IL-6R mAb
was prepared from the MR16-1 hybridoma cell line according
to the protocol previously described elsewhere.3!

Analysis oflApoptosis Following Anti-IL-6R
mAb Treatment

To examine the effect of anti-IL-6R mAb for the
induction of apoptosis in IL-6~producing CD4* T cells from
CR+Y~"¥ mice, a previously established in vitro apoptosis anal-
ysis protocol was used.3? Thus, SP and colonic LP CD4* T
cells were isolated from CRy ™Y mice and then cocultured with
anti—IL-6R mAb (1 mg/mL, MR16-1) or isotype control IgG
(BD PharMingen) for 6 hours. CD4* T cells were harvested for
FACS analysis using the Annexin V FITC Apoptosis Detection
Kit I (BD PharMingen).??

Adoptive Transfer Experiment

SP cells wefe aseptically removed from euthymic
(nu/+) mutant CRy™ donor mice with colitis. Erythrocytes
were removed by hypotonic lysis. To avoid stimulating T cells
during the purification process, a negrative selection procedure
was used for the preparation of CD4* T cells. Initially, mono-
nuclear cells were resuspended in complete medium and then
incubated in culture plates (Millipore, Bedford, MA) for 2
hours at 37°C to remove adherent cells, including macro-
phages and fibroblasts.?* The nonadherent cell suspension was
then incubated in wells precoated with F(ab'), fragments of
goat anti-mouse IgG (Jackson, West Grove, PA) at 4°C for 90
minutes.>* To obtain the T-cell-enriched fraction, wells were
washed gently 3 times with PBS containing 5% feral calf
serum. The T-cell-enriched fraction was then subjected to
magnetic-activated cell sorting (Miltenyi Biotec, Gladbach,
Germany) with anti-CD4 —coated beads (Miltenyi Biotec) for
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Figure 1. Gross appearance of the (A) anorectal prolapse and (B) body weight changes in CRy*/Y mice, CRy~/¥ mice without IBD, and
CRy~/Ymice with IBD. CRy™/Y mice with IBD showed anal prolapse beginning at 8 weeks of age and obvious lack of body weight gain from 10
weeks of age. The data represent the values (mean * SD) from 3 different experiments (4 mice per group).

preparation of CD4% T cells.* The purified donor CD4* T
cells (3 X 10% were resuspended in sterile PBS and injected
intraperitoneally (1 mL) into C.B-17 SCID mice (Clea Japan).
Five weeks after the adoptive transfer, mice were examined for

the presence of disease.

Histologic Analysis

Small and large intestines obtained from CRy™" and
control mice at predetermined time points were fixed in 4%
paraformaldehyde in PBS for 4 hours and embedded in paraffin
for the preparation of 5-pm tissue sections. The sections were
stained with H&E for the assessment of disease and clinical

score. Periodic acid—Schiff/alcian blue staining was performed
for the identification of goblet cells.

Assessment of Disease Score

Histopathologic alterations in the colon were semi-
quantified according to a modified scoring system?® using
the following criteria: (1) cellular infiltration into the lam-
ina propria of the large intestine (score from O to 3), (2)
mucin depletion (score from 0 to 2), (3) crypt abscesses
(score from 0 to 2), (4) epithelial erosion (score from 0 to 2),
(5) hyperemia (score from 0 to 3), and (6) thickness of the

Cy¥

Cy™ IBD()

Cy? IBD(+)

Figure 2. Macroscopic and microscopic appearance of the large intestine in CRy*/Y mice, CRy~/Y mice without IBD, and CRy~/" mice with IBD.
The large intestine of the mice was dissected for routine histologic analysis, including fixing with 4% paraformaldehyde, embedding in paraffin,
and staining with H&E. Histopathologic alteration in the colons was assessed by use of a modified clinical analysis system.



926 KAl ET AL

GASTROENTEROLOGY Vol. 128, No. 4

Ch4 TCRy8 o18K]
A A4 £
1 02%
10% 5
Cy
6.2% 32.3%
TTIg T TR YT L1L meat mmr
0 10 100 1% 10 kT T R TR | N 1 103 10¢
104 of 104 of
3 i 0%
100 2 10 4
102 ) 102 ) N
Gy E
10" - 10t —: 10t ';
7.7% 0.5%
10° ~f—prvreyT ey TTIVET T YU 10° ST 0% Y —FImay T YT TR T Ty
10 1o YR 100 100 10 100 107 1 1o 10 o 102 108 106
= = 2
CcD8 TCRp B220

Figure 3. Flow cytometric analysis of colonic LP lymphocytes isolated from

CRy~/Y and CRy*/¥ mice. CRy~/Y mice did not possess mature B cells

or TCR 8 T cells but had increased numbers of CD4* T cells. The data are representative of results from 2 independent experiments.

colonic mucosa (score from 1 to 3). Hence, the range of
histopathologic scores was from 1 (no alteration) to 15
(most severe colitis).

Statistical Analysis

Significant differences between mean values were de-
termined by use of the Student # test. P values of .05 were
considered statistically significanc.

Results

Histologic Appearance of Colonic
Inflammation in Euthymic (nu/+) Mutant
CR~vy~/Y Mice

At 8 weeks of age, all of the euthymic (nu/+)
mutant CRy ™'Y mice developed signs of IBD, charac-
terized by anorectal prolapse (Figure 1A), lack of
weight gain (Figure 1B), and a hunched posture.
Necropsy of the diseased euthymic (nu/+) mutant
CRY™'Y mice revealed inflammation of the large in-
testine and rectum and a more marked hyperplasia,
dilatation, and thickening of the wall than seen in
control euthymic (nu/+) wild-type CRy*"¥ mice and
euthymic (nu/+) mutant CRY™’Y mice without IBD
(Figure 2). In addition, microscopic examination of
the diseased euthymic (nu/+) mutant CRY™"Y mice
revealed elongation, hyperemia, crypt distortion, gob-

let cell reduction, and lymphocyte infilcration into the
colonic lamina propria (Figure 2).

Cell Population of Euthymic (nhu/+) Mutant
CRvy~/Y Mice

Lack of functional CRy has been reported to affect
lymphocyte development.?2-2¢ In both young adult and
aged CRy~'Y mice, we noted the absence of natural killer
cells (data not shown) and y8 T cells and a great reduc-
tion in B cells (Figure 3). Among lymphocytes isolated
from colonic LP of 8-week-old CRy™Y mice, we found
that increased numbers of CD4 ™" T cells but not of CD8*
T cells (Figure 3) were always associated with colitis.

TCR VB Repertoire Use of Colonic LP CD4*
T Cells by Euthymic (nu/+) Mutant CRy~/Y
Mice With Colitis

Because the increase of LP CD4*% T cells was
associated with development of colitis, we next analyzed
the qualitative alrerations in the CD4% T cells. Flow
cytometric analysis of TCR V[3 repertoite use in colonic
LP CD4™ T cells isolated from euthymic (nu/+) wild-
type CRy*"Y and euthymic (nu/+) murant CRy™Y mice
without IBD showed that the major TCR V[ repertoire
use was TCR V8, followed by V@34, VB6, and VP14
(Figure 4). In contrast, CD4" T cells isolated from
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Figure 4. Flow cytometric analysis of the TCR VB repertoire of CD4*
T cells isolated from colonic LP of the CRy~/Y and CRvy*/Y mice.
Mononuclear cells isolated from CRy™/Y mice with or without colitis
and control CRy*/¥ mice were costained with mAbs specific for FITC/
TCR VB and PE/CD4. The percentage of T cells bearing each TCR V3
was calculated as 100 X (% of CD4™*, VBx* cells)/(% of CD4* cells).
The percentages of T celis are expressed as the mean values from 3
different mice. White, dotted, and black bars represent CRy*/Y mice,
CRy~/Y mice without IBD, and CRy~/Y mice with IBD, respectively.
Statistical comparisons were determined by Student ttest (*P < .05).

euthymic (nu/+) mutant CRY™"Y mice with IBD had a
predominance of TCR V14 (Figure 4). Further, under
immunoscope analysis of CDR3 length to investigate the
clonality of these VB14™ T cells, Gaussian distribution
of clonotype was observed, suggesting the polyclonality
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of colonic CD4™ T cells in the diseased mice (data not
shown). Thus, local augmentation of CD4" T cell pop-
ulations expressing TCR VP14 was associated with the
development of colitis in the CRy™"Y mice.

Characterization of IL-6 ~Producing LP
CD4* T Cells Isolated From Euthymic (nu/
+) Mutant CRy~/Y Mice With Colitis

We next examined the ability of the CD4™" T cells
in colonic LP of euthymic (nu/+) mutant CRy~"Y mice
with IBD to produce Thl- or Th2-type cytokines. LP
lymphocytes were isolated from young, anal prolapse—
free (6 weeks of age) and diseased (8—12 weeks) mice.
The cells were cultured in complete medium without
exogenous stimulation to determine their spontaneous
cytokine production. Minimum amounts of IL-6 (376 =
3 pg per 10° cells) were detected in the culture super-
natants harvested from the wells containing colonic LP
lymphocytes of young healthy CRy /¥ mice. The level of
spontancous IL-6 production was increased in the various
stages of colitis from 375.9 * 3.3 pg per 10° cells in the
anal prolapse—free mice to 2655.1 * 410.4 pg per 10¢
cells in the diseased mice (Figure 5). When cytokine
production was examined, these colonic CD4" T cells
did not produce IL-4, IL-5, IL-12, and TNF-a. Alchough
IFN-v was noted in the culture containing colonic CD4%

(pg/mi) IL-4 (pg/mi) IL-5 (pg/mt) TNF-a.
100 100 2000
80 1 80 -
60 50 4
1000
401 0
20 -
N.D. N.D. \ N.D. . N.D. N.D.
0 T
Cy™ Cy CyY Cy™Y Cy™ Cyfv
without IBD with IBD without IBD with IBD without IBD with 1BD
{pg/ml) ”_—6 [ . I _
& A _pom) [FN-y PO 112
"
3000 400 000 -
300 4
20600 4 20600
200
1000 100 4 1000
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Figure 5. Analysis of cytokine production expression by colonic CD4* T cells isolated from CRy~/Y mice with (closed squares) and without (open
squares) 1BD. Whole colonic LP mononuclear cells were incubated in complete medium with 10% fetal calf serum for 48 hours without any
exogenous stimulation. The culture supernatants were harvested for cytokine-specific ELISA. The data represent the mean + SD from 3 different
experiments. Statistical comparisons were determined by Student t test (*P < .05).
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T cells, the level of production - was not statistically
different from CD4" T cells isolated from nondiseased
mice.

To directly show IL-6 production by colonic LP
CD4* T cells from euthymic (nu/+) mutant CRy™Y
mice with colitis, we next performed intracellular
cytokine FACS analysis of such cells. The results ob-
tained by double staining with appropriate fluores-
cence-conjugated mAb anti-CD4, anti-CD11b, and
anti—IL-6 showed that IL-6 was mainly produced by
CD4* T cells but not by CD11b-positive cells (Figure
6A). Once we knew that these colonic CD4" T cells
preferentially produce IL-6, we next sought to exam-
ine whether these T cells express IL-6R. When IL-
6R—specific mRNA expression was examined by quan-
titative reverse-transcription PCR, colonic CD4* T

CDi1b

Figure 6. Characterization of colonic IL-6—producing
CD4+ T celis from diseased mice. (A) Lymphocytes
were isolated from the colons of CRy~/Y mice with IBD
and then immediately costained with the appropriate
combination of CD4, CD11b, IFN-y, and IL-6 for intra-
cellular cytokine FACS analysis. (B) lL-6R-specific
mRNA expression was examined by quantitative re-
verse-transcription PCR. Colonic CD4* T cells isolated
from diseased mice (black bar) always expressed
higher levels of IL-6R than did those from nondis-
eased mice (dotted bar) and control heaithy mice
(white bar}. Anti-lL-6R treatment resuited in the inhi-
bition of receptor expression (hatched bar). Statistical
comparisons were determined by Student ttest (*P <
.05).

cells isolated from the diseased mice always expressed
higher levels of the IL-6R message than did those from
nondiseased mice (Figure 6B). These findings suggest
that the increase in pathogenic CD4" T cells in the
large intestine of diseased mice may result from the
ereation of autocrine-induced antiapoptotic conditions

by IL-6 and IL-6R.

Efficacy of In Vivo Treatment With Anti-IL-
6R mAb

We next conducted further experiments to confirm
our findings that CD4" Th-cell-derived IL-6 was impli-
cated in the development of colitis. Thus, young adult mice
without clinical signs of the disease were treated with
anti-IL-6R mAb, mock antibody, or PBS. Like untreated
mice, mice treated with the mock antibody or PBS devel-
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oped the disease, the symptoms of which include lack of
weight gain (Figure 7A), anorectal prolapse, and a hunched
posture. In contrast, mice treated with anti-IL-6R mAD did
not exhibit these pathologic characteristics (Figure 7A).
Histologically, the intestinal LP of mice treated with anti—
IL-6R mADb had less elongation of epithelial villi and much
less infilcration of inflammatory cells than did those of mice
treated with mock antibody (Figure 7B). Also, the number
of goblet cells was almost normal in the colons of mice
treated with anti-IL-6R mAb but reduced in mock anti-
body—treated mice (Figure 7B). Finally, the clinical scores of
anti—IL-6R mAb-treated mice were comparable to those of
healthy, control CRY*"Y mice (Figure 7C). Thus, the ad-
ministration of anti—IL-6R mAb inhibited the pathologic
effects induced by CD4" T-cell-derived IL-6 and thereby
seemed to prevent the development of colonic inflammation
in the euthymic (nu/+) mutant CRy™"Y mice.

Anti-IL-6R mAb Treatment Induced
Apoptosis in IL-6 —Producing Pathogenic
CD4* T Cells

To elucidate the mechanisms by which anti-IL-6R
mAb treatment inhibits development of colitis, we next
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Figure 7. The effect of treatment with anti-IL-6R mAb on the devel-
opment of colitis in CRy~/Y mice. (4) CRy~/Y mice were treated once
at 6 weeks of age with either anti-IL-6R mAb (closed circles) or control
rat IgG (closed triangles). Body weights of the mice were compared
with those of unreconstituted CRy*/Y mice (closed squares). (B)
Histologic analysis of CRy~/Y mice treated with or without anti~IL-6R
mAb was also performed. The large intestines of CRy~/Y mice were
dissected, and sections were prepared and stained with H&E. His-
topathologic alterations in the colons were assessed according to a
modified clinical analysis system. (C) The histologic score of the large
intestine in the CRy~/Y mice treated with or without anti~IL-6R mAb
was also examined. The large intestines of mice treated with anti-
IL-BR mAD were less affected than those of mice treated with isotype
control antibody. The data represent mean * SD from 3 independent
experiments (4 mice per group). Statistical comparisons were deter-
mined by Student ttest (*P < .05).

examined the possibility that the mAb could have induced
apoptosis because IL-6—producing pathogenic T cells ex-
pressed IL-6R (Figure 6B). Because IL-6 has been shown to
possess antiapoptotic activity,?® the autocrine manner be-
tween IL-6 and IL-6R may lead to the creation of an
antiapoptotic environment for the pathologic IL-6-produc-
ing colonic IL-6R* CD4* T cells. To investigate this
possibility, colonic CD4% T cells were isolated from
CRY™Y mice with and without large intestinal inflamma-
tion and then subjected to Bcl-x— and Bcl-2—specific re-
verse-transcription PCR analysis. The levels of antiapoptotic
gene expression were consistently up-regulated in CD4* T
cells isolated from colonic LP of the diseased mice (Figure
8A). Thus, the levels of Bcl-x and Becl-2 expression by
pathogenic CD4™ T cells were higher than those seen in
CD4* T cells isolated from nondiseased mice. It should be
noted that anti~IL-6R mAb treatment resulted in the sig-
nificant reduction of Bcl-x and Bcl-2 expression by colonic
pathologic CD4% T cells (Figure 8A). Identical results were
obtained when SP CD4" T cells isolated from the same
mice were examined. Thus, the reduction of Bcl-x and Bcl-2
expression by colonic CD4% T cells suggested that anti—
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Figure 8. Characterization of antiapoptotic and apoptotic conditions of CRy~/Y CD4* T cells before and after anti-IL-6R mAb treatment. (A) Analysis
of antiapoptotic Bekx and Bcl-2 expressions by colonic and splenic CD4+ T cells isolated from CRy~/¥ mice with IBD. Colonic and splenic CD4* T cells
were isolated from the diseased (black bars) and nondiseased (dotted barsy CRy~/Y mice, healthy controls (white bars), and anti~IL-6R mAb-treated
(hatched bars) CRy~/Y mice and then subjected to Belx— and Bel-2-specific quantitative reverse-transcription PCR..Pathogenic CD4* T cells showed
higher levels of antiapoptotic gene expression than did CD4* T cells isolated from nondiseased mice. The levels of antiapoptotic gene expression were
reduced in anti-IL-6R mAb-treated mice (hatched bars). (B) In the second experiment, the apoptosis-inducing effect of anti—-IL-6R mAb treatment on
CD4+ T cells isolated from coloric LP and SP cells of CRy~/Y mice was examined. Colonic LP and SP CD4* T cells from CRy~/Y mice were cultured
with 1 mg/mL of anti-IL-6R mAb (MR-16) or isotype IgG control. After 6 hours of incubation, cells were harvested for FACS analysis using the Annexin
V HTC Apoptosis Detection Kit | (BD PharMingen). The data represent the mean * SD from 3 mice per group. Statistical comparisons were determined

by Student t test (*P < .05).

IL-6R mAD treatment induced apoptosis. To directly elu-
cidate this point, CD4"% T cells were isolated from SP cells
and colonic LP of CRy™"Y mice and then incubared with
anti—-IL-6R mAb or isotype control. Following 6 hours of
incubation, the numbers of annexin V—positive and annexin
V and propidium iodide double-positive cells were signifi-
cantly increased in anti—IL-6R mAb-treated CD4* T cells
when compared with the control (Figure 8B). Taken to-
gether, these findings suggest that anti-IL-GR mAb treac-
ment interblocks the autocrine antiapoptotic molecular in-

teraction of IL-6 and IL-6R and thus results in the
induction of apoptosis in IL-6—producing pathogenic IL-
6RY CD4* T cells.

Adoptive Transfer of SP CD4* T Cells From
CRvy /Y Mice With Disease Into SCID Mice

In a final series of experiments, we attempted to
directly show the role of IL-6—producing CD4* T cells
in the development of colitis. Thus, we isolated and
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transferred SP CD4" T lymphocytes from euthymic
(nu/+) mucant CRy™Y or CRY*™Y mice into age- and
sex-matched C.B-17 SCID recipient mice that lacked
both T and B cells. The SCID hosts that had been given
CD4* T cells from the CRy''Y mice showed no clinical
or histologic evidence of disease (Figure 94 and B). In
contrast, SCID mice adoptively transferred with SP
CD4™ T cells from mutant CRY™¥ mice with the disease
developed evidence of colitis, that is, elevated colitis
scores (Figure 9A) and inflammarory and hyperplastic
lesions in the large intestine (Figure 9B). When we
tested the SP CD4™ T cells for the spontaneous produc-
tion of IL-6 before the adoptive transfer experiments, we

— C.B-17 8CID
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Figure 9. The induction of colitis in SCID mice adoptively transfered
with SP CD4* T cells isolated from the diseased CRy~/" mice. (A) The
histologic score of the large intestine in the C.B-17 SCID mice adop-
tively transferred with or without SP CD4* T cells isolated from eitner
CRy~/Y mice with colitis or CRy*/¥ mice was examined. (B) The large
intestines of CRy™/Y mice were dissected, and sections were pre-
pared and stained with H&E. The data represent the mean = SD fiom
3 independent experiments (4 mice per group). Statistical compari-
sons were determined by Student t test (*P < .05).

Cy™ x nu/+
— C.B-17 SCID

found the cells capable of producing IL-G (data not
shown). The results of these adoptive transfer experi-
ments further incriminated IL-6—producing CD4* T
cells in euthymic (nu/+) mutant CRY™Y mice in the
development of colitis.

Discussion

In patients with IBD, the mucosal immune sys-
tem, especially the T-cell—dependent regulatory system,
is disturbed.?”3% Results from several studies suggest
that immunoregulatory cells, particularly dysregulated
CD4™ T cells in intestinal mucosa—associated tissues, are
important in the pathogenesis of Crohn’s disease and
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ulcerative colitis.!* Our CRy™ /Y IBD model, the mice of
which lack Peyer’s patches and cryptopatches, provides a
unique opportunity to investigate the potential systemic
origin of pathologic CD4™ T cells in mucosa-associated
tissues and their potential role in the development of the
inflammarory disease. Nacturally occurring murartions in
CRY are responsible for the X-linked severe combined
immunodeficiency disease in humans, characterized by
the absence of T and natural killer cells but the presence
of B cells.2! Targeted deletion of CR7y in mice provokes
a wide variety of defects in lymphoid development, in-
cluding absence of natural killer cells, y6 T cells, and
gut-associated lymphoid tissue.?>26 Because these orga-
nized lymphoid tissues are necessary for the induction
and regulation of the gut mucosal immune system, we
believed it was important to examine the possible mech-
anisms involved in the pathogenesis of colitis in the
unique immunologic environment provided by CRy™¥
mice in this study.

Dysregulation of the delicate balance between Thi-
and Th2-type CD4™ T cells results in the development of
IBD in various animal models.!®3? In all murine models
initially used, including specific gene-manipulated and
hapten-induced mice and adoptive transfer models, the
intestinal disease was associated with enhanced Thl-type
activity.1®4041 However, more recent studies have pos-
ited that Th2-like responses are also involved in the
colonic inflammation in murine IBD models!>13-28.42 and
in human ulcerative colitis.?%43.% In previous studies,
the Th2 responses associated with colitis, such as those
seen in TCR-o.™/~, hapten-induced, and oxazolone coli-
tis, were mainly IL-4 dependent.?®4? Qur present find-
ings show that the development of colitis is mediated by
1L-6, most likely produced by a selected population of
CD4% afp T cells using VB14 TCR (Figures 3 and 4).
The antiapoptotic behavior of these pathogenic CD4* T
cells expressing high levels of Bcl-x and Bcl-2 seemed to
be responsible for their increased numbers in the diseased
region (Figure 8). Indeed, Bcl-x and Bcl-2 have been
shown to be associated with antiapoptotic activity.4
Because these IL-6—producing pathologic CD4* T cells
simultaneously expressed high levels of IL-6R specific
mRNA (Figure 6B), it is possible that the antiapoptotic
conditions could be created by the autocrine interactions
between IL-6 and IL-6R. Lending further support to this
view is the finding that IL-6 induces antiapoptotic con-
ditions.>® Thus, the present study provides the fitst evi-
dence that IL-6—producing CD4* T cells can behave as
a pathogenic subset via the creation of autocrine anti-
apoptotic conditions conducive to the development of
colitis in the CRvy-deficient condition.
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Taken together, these Aindings provide compelling evi-
dence that VB 14-expressing CD4* o T cells and I1-6 are
implicated in the pathogenesis of colitis in CRy™"¥ mice.
First, among colonic lymphocytes isolated from CRy™Y
mice, ¥& T cells were absent, whereas af8 T cells were
markedly increased; among such af3 T cells, CD4™ but not
CDS8* T cells were increased (Figure 3). Second, among the
different cytokines, IL-6, but not IL-4, IL-5, IL-12, or
TNF-a, was preferentially produced by colonic CD4™ T
cells isolated from CRy™"Y mice with inflammation. The
selectivity of the IL-6 production was further documented
by the finding that production of the Thl cytokine IFN-y
by the colonic CD4" T cells was not increased in the
diseased mice (Figure 5). Third, anti—IL-6R mAb treatment
(Figure 7A-C), which presumably blocked the autocrine
IL-6/IL-6R signaling, prevented the development of colitis,
because pathogenic IL-6—producing CD4% T cells ex-
pressed IL-6R for the creation of an antiapoptotic nature
(Figure 8A). Further, anti—IL-6R mAb treatment resulted
in the induction of apoptosis in CD4* T cells isolated from
the colon and spleen of CRY™¥ mice (Figure 8B). This
finding corroborates previous reports?'4¢ that anti—IL-6R
mAbD treatment prevented the development of IBD caused
by adoptive transfer of CD4"CD45RB"2" cells. Fourth, on
transfer to immunodeficient C.B-17 SCID recipients, SP
CD4* T lymphocytes isolated from CRy™Y mice with
colitis induced disease that was as severe as that seen in the
donors, while transfer of a similar population of T cells from
wild-type mice had no such pathologic effect (Figure 9A
and B).

In previous studies, the transfer of CD4TCD45RBMeP
T-cell populations from the spleens of healthy donor mice
into SCID mice resulted in the development of colitis in the
recipient mice, whereas transfer of CD4TCD45RBY™ T
cells did not.*”-32 Cotransfer of the CD4*CD45RBYY T-cell
population together with the CD4*CD45RBM&" T-cell
population prevented the colitis.*” In contrast, in this study,
the adoptive transfer of whole CD4* T-lymphocyte popu-
lations from the diseased CRY™"Y mice, which certainly
contained both CD4TCD45RBM8" and CD4SRB"¥ frac-
tions, resulted in colonic inflammation in the SCID mice.
This finding suggests that IL-G—producing pathologic
CD4* T cells were resistant to the inhibitory effects of the
CD4*"CD45RBYY T cells.

Previous studies on murine colitis focusing on the trans-
fer of CD4TCD45RB"8" T cells had also shown IFN-y to
be an important pathogenic cytokine.?? Because we have
found IL-6 produced by CD4™ cells to be the key cytokine
in the CRy™"Y IBD model, an opportunity now is afforded
to investigate 2 distinct pathogenic pathways (ie, [IFIN-y~or
IL-6—producing pathogenic CD4™" T cells) for the develop-
ment of colitis in cell-transfer models. Moreover, these
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findings point to’ the possible treatment of experimencal
IBD by the blockage of the IL-6/IL-6R signaling pathway.
To this end, it has been shown that the anti—IL-GR treat-
ment is effective for the control of murine colitis induced by
the adoptive transfer of CD4*CD45RB"8" T cells. 6 Fur-
ther, humanized mAb anti-IL-6R is currently in a clinical
trial .32

In summary, this study showed that unwanted CD4* T
cells, selectively producing the inflammatory cytokine IL-6,
can induce colitis in CRy ™Y mice. Also, the colitis can be
prevented by inhibiting IL-6/IL-GR interaction with anti—
IL-6R mAb. The euthymic (nw/+) mutant CRy™Y mouse
model is yet another example of how a disturbed mucosal
immunologic environment can lead to pathologic colonic
inflammation. To our knowledge, it is the first colitis model
in which CD4™ Th-cell-originated IL-6 is pathogenetically
implicated, raising the possibility that certain experimental
intestinal inflammatory conditions could be prevented by
interrupting the IL-6/IL-6GR signaling pathway.
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