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FIGURE 1. The expression of ® 2
IL-17 family members and IL-17R Bt 3
genes in the arthritic paws of CIA & 2 10
mice. A, The expressions of IL-17
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Exacerbation of CIA by transfer of IL-17 family-transduced To examine the proinflammatory effects of the IL-17 family
CD4™ T cells in vivo, we retrovirally transduced the 1L-17 family genes to
Because 1L-17B and IL-17C induce the expression of inflam- CD4* T cells. The transduction efficiencies were ~30% on av-

matory cytokines in fibroblasts and macrophages, we hypothe- erage (Fig. 3B). These IL-17 family-transduced CD4™ T cells
sized that IL-17B and 1L-17C have an effect on the process of ~ Were adoptively transferred to BClI-immunized DBA] mice be-
arthritis. We subcloned cDNA fragment of mIL-17A, miL-17B, fore the onset of arthritis. They exacerbated the progression of
mIL-17C, or mIL-17F to pMIG retrovirus vector. These vectors  arthritis, as observed by the arthritis score (Fig. 3, C and D).

were retrovirally transduced to Ba/F3 cells, and protein expres-  The IL-17 family membeér-transduced CD4™ T cells had no sig-
sions of IL-17 family members were confirmed with intracel- nificant effect on the serum levels of anti-BCII IgG Abs at 14
lular staining of each 1L-17 family cytokine (Fig. 3A). days after the onset of CIA (data not shown). These results
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FIGURE 2. The proinflammatory effects of IL-17 family members on mouse fibroblasts and macrophages. A, Relative expression of the cytokine genes
in 373 cell. The mouse fibroblast cell line 3T3 was cultured with each of mIL-17A, mIL-17B, miL-17C, or mIL-17F for 24 h, and the expressions of
inflammatory cytokines were measured by quantitative PCR. B, Relative expression of the cytokine genes in mouse thioglycolate-elicited PEC's. PECs were
cultured with cach of mIL-17A, mlIL-17B, mlL-17C, or mIL-17F for 24 h, and the expressions of inflammatory cytokines were measurcd by quantitative
PCR. C, The secreted IL-6 and TNF-a levels in the supernatants of 373 and PECs were measured by ELISA. Error bars indicate = SD. The data are
representative of three independent experiments. Significance of differences between control (medium) and each IL-17 family was determined: *. p < 0.05.
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FIGURE 3. The effects of transfer
of IL-17 family-transduced CD4~ T
cells on CIA. A, Inracellular IL-17
family expressions in Ba/F3 cells ret-
rovirally transduced with each TL-17

EFFECTS OF THE IL-17 FAMILY ON ARTHRITIS PROGRESSION
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17B, IL-17C, or IL-17F expression
compared with GFP-gated empty
vector (pMIG)-transduced * Ba/F3
cells. B, Representative FACS analy-
sis of IL-17 family-transduced CD4*
T cells was shown. Numbers in dot
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percentages of the GFP* cells within
total CD4™ cells were shown below. .
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the progression of arthritis scores (D)
are shown. Values are the mean of ar-
thritis score (7 = 20 mice per group).
Significance of differences between
control (pMIG) and each IL-17 fam-

GFP' cells/ 29,0
toial CD4* ’
cells (%)

8 2

g,

Diisease Incldence (%6)

K-
M

332

Bs2s 1624

29.6 315 28.1
D
51 -0~ pMIG
§ 4] 0= JI-17A
2] -0 1178
8 3] & L7
é J == 117
5]
b

Aok,

(-]

ily-transduced mice was determined;
¥, p < 0.005; % p < 0.05.

indicated that the effect of IL-17 family members on the pro-
gression of arthritis was not associated with the elevations of
anti-BCII Abs.

IL-17 family BM chimeric mice exhibited high arthritis scores
upon CIA induction

To examine the proinflammatory effect of constitutively ex-
pressed 1L-17 family members, we established 1L-17 family
BM chimeric mice by transfer of gene-transduced BM cells to
lethally irradiated mice. In a previous study, the attempt to gen-
erate 1L-17A-overexpressing mice with a conventional trans-
genic approach was unsuccessful because theseé mice were em-
bryonic lethal (39). In accordance with the previcus report,
mice that expressed 1L-17A with high efficiency (i.e., for which
the percentage of GFP™ cells in the spleen was >50%) became
gaunt and died within 1 mo after BM transplantation (data not
shown). When the percentage of GFP™ cells in the spleen was

5-15%, the mice appeared to be healthy for several months. We

therefore used BM chimeric mice that expressed 1L-17 family
genes in ~5-15% of spleen cells. Eight weeks after the BM
transplantation, mIL-17A was readily detected by intracellular
cytokine staining (Fig. 44). Moreover, the serum concentration
of mIL-17A was significantly elevated in these mice (Fig. 4B).
Therefore, the BM chimeric mice were successfully allowed to
express the transduced cytokines systemically. Then we immu-
nized these mice with BCII 8 wk afier BM transplantation. BM
chimeric mice of IL-17A and TL-17F exhibited early onset and
high arthritis scores upon CIA induction (Fig. 5, A and B). BM
chimeric mice of IL-17B and IL-17C clearly exacerbated ar-

thritis, as assessed by the arthritis score. In contrast, BM chi-

meric mice of 1L-17B and IL-17C did not result in significant
differences in the onset of disease (Fig. 5, C and D). BM ex-
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pression of IL-17 family member did not affect the anti-BCII
Ab responses at 14 days after the onset of CIA (data not shown).
These results indicated that the effect of 1L-17 family members
on the exacerbation of arthritis was not associated with the re-
sponses of anti-BCII Abs.
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- FIGURE 4. Generation of IL-17 family chimeric mice by BM irans-

plantation of gene-transduced BM cells. Each ol' IL-17 family genes was
transduced 1o BM cells with retrovirus vector and transferred 1o lethally
irradiated mice. A, The intracellular expression of IL-17A protein in the
spleen of IL-17A BM chimeric mice 8 wk afier BM transplantation. The
percentage of GFP™ cells expressing IL-17A is indicated. The data are
representative of three independent experiments. B. The concentration of
IL-17A protein in the serum of IL-17A BM chimeric mice (0 = 6) and
control mice (pMIG BM chimeric mice) (n = 6). The levels of IL-17A
were measured by ELISA.
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FIGURE 5. Incidence of CIA and
arthritis scores in IL-17 family BM
chimeric mice. Incidence of CIA and 0
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arthritis scores in IL-17A and IL-17F
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IL-17B and IL-17C BM chimeric
mice (C and D). Mice were immu-
nized with BCIl 8 wk after the BM
transplantation. Values are the mean
of experiments for JL-17A and
IL-17F BM chimeric mice (n = 20
per group) and experiments for
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We next examined the alterations of inflammatory cytokine
production in these BM chimeric mice. Interestingly, nonim-
munized IL-17C BM chimeric mice showed increased mRNA
expression of TNF-« in the spleen compared with controls (Fig.
SE). Moreover, in the spleen of BCHl-immunized IL-17C BM
chimeric mice, the mRNA expressions of TNF-a, IL-6. and
1L-23 were up-regulated. In contrast, BCll-immunized 1L-17B
BM chimeric mice showed increased mRNA expression of IL-6
in the spleen compared with controls (Fig. SE). When we ex-
amined the concentrations of TNF-a and IL-6 protein in the
sera of IL-17 family BM chimeric mice, the BCII-immunized
IL-17B and IL-17C BM chimeric mice showed increased
TNF-a concentration in the sera. And the BC!Hl-immunized IL-
17A and IL-17B BM chimeric mice showed increased IL-6 pro-
duction in the sera (Fig. 5F). These results suggested that IL-
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17B and IL-17C enhanced inflammation in this mouse model of
arthritis by increased inflammatory cytokine production.

Neutralization of IL-17B significantly suppressed the
progression of arthritis

As shown in Fig. 5, we found that IL-17B exacerbated the pro-
gression of CIA as well as IL-17A with the method of retrovirus-
mediated BM chimeric mice. Regarding IL-17A, neutralizing Abs
against IL-17A have been previously shown to be effective in the
treatment of CIA (8). We examined the effect of IL-17B blockade
in CIA mice. CIA mice were systemically treated with polyclonal
anti-mouse IL-17B Abs immediately after the first signs of arthri-
tis. Neutralization of IL-17B significantly suppressed the progres-
sion of CIA compared with the controls (Fig. 64). Moreover, his-
tological analysis revealed significant reduction of cell infiltration
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FIGURE 6. Effect of anti-IL-17B Ab treatment in CIA mice. A, CIA mice received i.p. injection of anti-mouse IL-17B Abs after the first clinical signs
of arthritis (arthritis score between 1 and 2). As a control, PBS was injected. The arthritis score was shown. B, Histological score of the inflammatory joints
of CIA mice treated with anti-IL-17B Abs was evaluated at 10 days after the onset of arthritis. Cellular infiliration and pannus invasion were graded in all
four paws of the mice. Values are the mean of arthritis scores for anti-IL-17B Ab-trealcd mice and control mice (n = § per group). Significance of

differences between control and anti-IL-17B Ab-treated mice was shown.

and pannus invasion in the anti-IL-17B Ab-treated mice (Fig. 6B).
These results indicated that IL-17B was associated with the pro-
gression of arthritis in CIA mice. '

Discussion

RA is considered to be an autoimmune disease, and is character-
ized by sustained inflammation of the joints and destruction of
cartilage and bone. Several inflammatory cytokines are known to
mediate the pathogenesis of arthritis, and TNF-a and IL-6 are the
most important cytokines in the pathogenesis of RA. IL-17A, IL-
17B, IL-17C, and IL-17F have the capacity to induce TNF-a pro-
duction in PECs in vitro. In vivo, the mRNA expression of TNF-a
was spontaneously increased in the spleen of IL-17C BM chimeric
mice. Moreover, TNF-a productions in the sera of BCII-immu-
nized 1L-17B and IL-17C BM chimeric mice were up-regulated.
Although IL-17A induced TNF-a production in PECs, IL-17A BM
chimeric mice did not show up-regulated production of TNF-a.
This result is consistent with previous observation in THP-1 cell
line that 1L-17B and IL-17C stimulated the release of TNF-a,
whereas IL-17A has only a weak effect on TNF-a (17). In contrast
to IL-17B and IL-17C. IL-17A may not be directly associated with
TNF-a production in vivo. Moreover, the mRNA expression in the
spleen and serum concentration of IL-6 were significantly up-reg-
ulated in IL-17B BM chimeric mice that were immunized with
BCIH. These results showed the close association of IL-17B and
IL-17C with TNF-a and 1L-6 in vivo and clearly suggested the

importance of 1L-17B and IL-17C in the pathogenesis of RA.

’ To date, the cell sources of 1L-17B and IL-17C have not been
identified. In this study, we showed that TL-17B was expressed in
the inflammatory cartilage of CIA mice, whereas IL-17C was ex-
pressed in a broad range of cells, i.e.,, CD4* T cells, CD11b™
MHC class 1" macrophages, and CD11c* MHC class 1* den-
dritic cells. IL-17A and IL-17F were expressed in CD4™ T cells,
as expected. These results suggested that CD4™* T cells are in-
volved in the expression of IL-17 family members, especially IL-
17A, IL-17C, and IL-17F, at the inflammatory site. Although we
did not detect a unique cell source of IL-17C, the arthritis-promot-
ing effect of IL-17C-transduced CD4* T cells suggests the impor-
tance of IL-17C expressed in CD4™ T cells.

In our in vivo analysis, we observed arthritis-promoting effects
of the IL-17 family members. As shown in Fig. 3, the transfer of
mlL-17A-, mIL-17B-, mlL-17C-, and miL-17F-transduced CD4*
T cells evidently exacerbated arthritis as assessed by the arthritis
score. This effect was also confirmed in the CIA of the mIL-17A,
miL-17B, miIL-17C, and mIL-!7F BM chimeric mice. The arthri-

tis-promoting eflect of IL-17A was previously reported in a study
using adenovirus vector (5, 40). In contrast to IL-17A, which has-
tened the onset of arthritis, IL-17B and 1L-17C did not affect the
onset of arthritis evidently. This fact suggests that IL-17B and
[L-17C affect arthritis rather in the effector phase. To our knowl-
edge, this is the first observation of an in vivo arthritis-promoting
effect of IL-17B and IL-17C.

Blockade of IL-17A has recently been shown to be effective in
the treatment of ClA (8). In the present study, we have demon-
strated the therapeutic potential of IL-17B blockade after the onset
of CIA. Because blockade of TNF-a or IL-18 is not always ef-
fective in RA patients, blockade of additional cytokine might be a
useful therapeutic option. Therefore, our data strongly suggest that
IL-17B as well as IL-17A could be an important-target [or the
treatment of inflammatory arthritis.

In a recent study, the combination of IL-6 and TGF-B8 was re-
ported to strongly induce IL-17A production in Th17 cells (41).
Moreover, it was recently recognized that IL-23 contributes to the
expansion of autoreactive IL-17A-producing T cells and promotes
chronic inflammation dominated by IL-17A, IL-6, IL-8, and
TNF-a (14, 42). Thus, 1L.-17B and IL-17C may exacerbate arthritis
via 1L-6- and IL-23-mediated promotion of IL-17A production.
However, the possibility that IL-17B and IL-17C exert a cooper-
ative proinflammatory response together with IL-17A and IL-17F
in arthritis by regulating the release of cytokines such as IL-6,
IL-18, and IL-23 still remains to be examined.

IL-17F has the highest homology with IL-17A and, like IL-17A,
is produced by activated T cells. IL-17F appears to have an effect
similar to that of IL-17A on cartilage proteoglycan release and
inhibition of new cartilage matrix synthesis (11). Although IL-17F
is thought 1o contribute to the pathology of inflammatory disorders
such as RA, the in vivo effect of IL-17F on arthritis was not elu-
cidated. In this study, we found that transduction of BM-expressed
IL-17F resulted in both an earlier onset and a subsequent aggra-
vation of arthritis.

We also found that the mRNA expression of all IL-17 family
and IL-17R genes examined (miL-17A, mIL-17B. mlL-17C, mIL-
17F, mIL-17R, and mIL-17Rh1) was elevated in the arthritic paws
of CIA mice compared with the paws of the control mice. The
receptor for IL-17A is IL-17R (also named IL-17AR), which is
extensively expressed in various tissues or cells tested, in contrast
to the exclusive expression of IL-17A in activated T cells. Re-
cently, IL-17R signaling has been suggested to play a crucial role
in driving the synovial expression of proinflammatory and cata-
bolic mediators, such as IL-I, IL-6, matrix metalloproteinase
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(MMP)-3. MMP-9. and MMP-13, in sueptococcal cell wall-in-
duced arthritis (43). IL-17R-deficient (IL-17R ™'~ mice that were
locally injected five times with streptococcal cell wall fragments

into the knee joints showed 2 significant reduction of joint thick-

ness and cartilage damage that was accompanied by reduced sy-
novial expression of IL-1, IL-6, and the MMPs 3, 9, and 13 com-
pared with arthritic wild-type mice. Therefore, these results
indicate the critical role of IL-17R signaling during progression
from an acute, macrophage-driven joint inflammation to a chronic,
cartilage-destructive. T cell-mediated synovitis. There are four ad-
ditional receptor-like molecules that share homology to IL-17R,
i.e., IL-17Rh1 (also named IL-17RB or IL-17BR), IL-17RL (also
named IL-17RC), IL-17RD, and IL-17RE. 1L-17Rh] was shown to
bind to 1L~17B, but with higher affinity to [L-17E (11, 12).

Although IL-17A transgenic mice have been reported to be em-
bryonic lethal (39), we established BM-overexpressing mice that
constitutively expressed IL-17A. The adequate control of the ex-
pression level was critically important. In our experiment, the se-
rum concentration of 1L-17A was elevated to ~600 pg/ml in IL-
17A BM chimeric mice. This serum concentration of IL-17A was
similar to those in patients with inflammatory diseases such as RA,
inflammatory bowel diseases, familial Mediterranean fever, and
the acute stage of Kawasaki disease (3, 44-46). Therefore, our
BM chimeric mice approach may be useful to elucidate the phys-
iological role of inflammatory cytokines that show lethal pheno-
types in the conventional gene-transgenic technique.

In conclusion, we found that IL-17 family genes were up-reg-
ulated in association with their receptors in CIA. Each of the IL-17
family members clearly exacerbated the progression of CIA with
the method of retrovirus-mediated BM chimeric mice. IL-17B and
IL-17C have the capacity to exacerbate inflammatory arthritis in
association with increased TNF-a and IL-6 productions from mac-
rophages. Moreover. neutralization of 1L-17B significantly sup-
pressed the progression of arthritis and bone destruction in CIA
mice. Therefore, our results suggest that not only IL-17A, but also
the IL-17 family members IL-17B, IL-17C, and IL-17F play an
important role in the pathogenesis of inflammatory arthritis and
should be a new therapeutic target of arthritis.
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Gene Therapy of Arthritis with TCR Isolated from the
Inflamed Paw’

Keishi Fujio,”* Akiko Okamoto,* Yasuto Araki,* Hirofumi Shoda,* Hiroyuki Tahara,*
Nelson H. Tsuno,” Koki Takahashi,” Toshio Kitamura,* and Kazuhike Yamameoto*

In recent years, the treatinent of autoimmune diseases has been significantly advanced by the use of biological agents. However, some
biologics are accompanied with severe side effects, including tuberculosis and other types of infection. There is thus a critical need for
nonsystemic and lesion-specific methods of delivering these therapeutic agents. We attempted to treat a mouse mode! of arthritis by using
T cells that expressed a regulatory molecule and were specifically directed to the inflamed paw. To this end, we first identified the TCR
«aff genes accumulating in the inflamed paw of mice with collagen-induced arthritis (CIA) by a combination of single-strand chain
polymorphism analysis of TCR and single-cell sorting. We identified an expanded clone B47 which is autoreactive but is not specific to
type I collagen. In vivo, TCR genes from B47-transduced T cells accumulated in the inflamed paw. Injection of cells cotransduced with
the B47 and soluble TNFRIg genes resulted in a significant suppression of CIA. The suppression was correlated with the amount of
TNFRIg transcripts in the hind paw, not with the serum concentrations of TNFRIg. Moreover, T cells cotransduced with the B47 and
intracellular Foxp3 genes significantly suppressed CIA with reductions in TNF-o, IL-17A, and I1.-18 expression and bone destruction.
T cells cotransduced with B47 and Foxp3 genes also suppressed the progression of established CIA. Therefore, immunosuppressive
therapy with autoreactive TCR is a promising therapeutic strategy for arthritis whether the TCRs are used to deliver either soluble or

intracellular suppressive molecules. The Journal of Immunology, 2006, 177: 8140-8147.

bases for the autoimmune diseases. In recent years, the

treatment of autoimmune diseases has been significantly
advanced by the use of biological agents. Treatment of rheumatoid
arthritis (RA)? has long been insufficient to prevent joint destruc-
tion. However, anli-TNF therapy has been a breakthrough in the
treatment of RA. Anti-TNF therapy significantly ameliorates ar-
thritis symptoms, acute phase reactants, and bone destruction (1~
3). In contrast, anti-TNF therapy is accompanied by increased risk
of serious infection, including tuberculosis (4). Therefore, it is im-
portant to develop an optimal molecular delivery system for anti-
TNF drugs and other biological agents.

In addition to the interference of cytokines, there are several
other candidate molecules that may suppress auloimmune diseases.
For example, Foxp3, a master transcription factor for regulatory T
cells (5), is an important candidate for autoimmune suppression.

P rogress in molecular biology reveals many molecular
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Consequently, specific delivery of intracellular molecules is also
important for future molecular therapy.

Because T cells systemically survey specific Ags and migrate to
specific organs upon Ag recognition, they are an appropriate can-
didate vehicle for molecular delivery. T cell therapy has been used
for the treatment of several kinds of autoimmune diseases (6—8).
However, it is difficult to isolate and culture lesion-specific T cells
to realize an amount sufficient for treatment. To date, type I col-
lagen (CID-specific T cell hybridoma and TCR-transgenic cells
have been used for in vivo therapy of arthritis (9, 10), and OVA-
specific TCR-transgenic cells have been used to treat OVA-in-
duced arthritis (11). However, tumor cells and transgenic cells are
evidently not applicable in human treatment. Moreover, T cells
specific for the disease-priming autoantigen have the possibility to
exacerbate arthritis inflammation.

We previously established a technique for analyzing T cell
clonality by the reverse transcription (RT)-PCR/single-strand con-
formational polymorphism (SSCP) method (12). This method de-
tects nucleotide changes of the CDR3 regions of clonally expanded
T cells in vivo. Using this method, we have demonstrated oligo-
clonal expansion of T cells in patients with RA and solid tumors
(12, 13). These findings indicate that the knowledge of the specific
TCR accumulated at the inflammatory site may make it possible to
reconstitute functional and organ-specific T cells. Indeed, we have
previously identified the TCR a and B genes of expanded T cell
clones infiltrated into p815 tumors (14).

In this study, we isolated a pair of TCR « and S genes, B47 from
the paw of a mouse with collagen-induced arthritis (CIA). This
TCR was not specific to immunized CIll. We reconstituted this
clonotype on peripheral CD4™ T cells as a therapeutic vehicle.
Cells cotransduced with B47 and TNFRIg suppressed CIA. The
suppression was correlated with the amount of TNFRIg transcripts
in the hind paw, not with the serum concentrations of TNFRIg.
Moreover, T cells cotransduced with B47 and intracellular Foxp3
significantly suppressed CIA with reductions in TNF-«, IL-17A,

0022-1767/06/$02.00
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and IL-18 expression and bone destruction. Therefore. an in vivo
cloned TCR can be considered an efficient tool for molecular
therapy.

Materials and Methods
Induction of CIA and scoving of joint swelling and histology

DBAI mice were purchased from SLC and maintained in our specific
pathogen-free facility. Mice were immunized intradermally at the base of
the tail with 100 pg of bovine CI1 (bCH; Chondrex) emulsified with CFA
(Chondrex). On day 21, mice were boosted by intradermal injection with
100 pg of bCH emulsified with IFA (Difco). Inflammation of the four paws
was graded from O to 4 as fojlows: grade 0, no swelling; grade 1, swelling
of the finger joints or focal redness; grade 2, mild swelling of the wrist or
ankle joints; grade 3. severe swelling of the entire paw: and grade 4, de-
formity or ankylosis. Each paw was graded and the four scores were totaled
so that the possible maximal score per mouse was 16. All animal experi-
ments were conducted in accordance with the institutional and national
guidelines.

Vector construction

We constructed the vectors pMX-CIIT TCR (pMX-CITa-IRES-CUTB)
and pMX-B47 (pMX-B47a-IRES-B47f3) to transduce the desired TCR
clonotype to activated CD4™ T cells. bClI-specific TCR, CIIT, a- (Vall)
and - (V38.2) chains were constructed based on the published sequences
of clone 173 a- and $3-chains (15) as previously described (16). A TNFRlg
fragment was constructed by fusing murine TNFR (p75) to the hinge and
Fc region of a murine IgG2a H chain. The resulting TNFRIg fragment was
subcloned into a pMX retrovirus vector. We also constructed the vector
pMX-Foxp3-IRES-GFP. Retroviral gene transfer was performed as previ-
ously described (16).

Single-cell sorting and RT-PCR

The CD4™ T cells at the inflammation site were stained with FITC-con-
jugated anti-CD4 and PE-conjugated anti-VB8.1/8.2 (BD Pharmingen).
The CD4"/VB8.1/3.2" cells were sorted at a ratio of one cell per well
using an automatic cell dispensing unit driven by the FACSVantage and
Clone-Cyt software (BD Biosciences). Each cefl was sorted into a well of
96-well plate containing 20 wul of RT reaction mixture (10 nM CaRT
primer. 10 nM CBRT primer, | X RT reaction buffer, 100 uM each dNTP
(Takara), 0.5% Nonidet P-40) (Bochringer Mannheim), 0.5 U/ul RNasin
(Promega) in a 96-well microtiter plate. Immediately. 20 U/ul Superscript
11 (Invitrogen Life Technologies) reagent was added to each well and the
plate was held at 37°C for 90 min. After the reaction mixture received heat
inactivation for 10 min at 65°C, an equal volume of TdT solution (2X
TdTase reaction buffer. 2.5 mM dATP (Amersham Biosciences), 0.5 U/ul
TdT (Invirogen Life Technologies)) was added to each well and the plate
was incubazed for 15 min at 37°C (17). From the single-cell RT reaction
mixtures, 2 ul of cDNA was added to 23 pl of the first PCR premix (1.6
pM/ul each 1st primer, 200 mM each ANTP, and 0.25 U/ul KOD-plus- Tag
polymerase (Toyobo)) and amplified by a 25-cycle program (95°C for |
min. 52°C for 1 min, and 72°C for 2 min). Two microliters of first PCR
products was used for the second PCR (30 cycles of 95°C for 1 min, 54°C
for 1 min, and 72°C for 2 min), using the sccond PCR premix (1.6 pM/ul
of each second primer, 200 mM of each dNTP, and 0.25 U/ul Taq poly-
merasc (Promega)). Then, 2 pl of the second PCR products was used for
further amplification reaction (35 cycles of 95°C for 1 min, 54°C for 1 min,
and 72°C for 2 min), using the third PCR premix (1.6 pM/ul each third
primer, 200' mM each dNTP. 0.25 U/ul Taq polymerase).

Single-strand conformational polvmorphism

The SSCP study was performed as described previously (14, 18). In brief,
the synthesized cDNA was amplified by PCR with a pair of VA1 1o V819
primers and a C8 common primer. The amplified DNA was electropho-
resed on a nondenaturing 4% polyacrylumide gel. After transfer onto a
nylon membrane, the cDNA was hybridized with a biotinylated internal
common C8 oligonucleotide probe and visualized by subsequent incuba-
tions with streptavidin, biotinylated alkaline phosphatase, and a chemilu-
minescent substrate system (Phototope-Star Chemiluminescent Detection
kit; New England Biolabs).

Cell purification

A CD4" T cell population was prepared by negative selection with MACS
(Miltenyi Biotec) using anti-CD19 mAb, anti-CD11¢ mAb, and anti-CD8a
mAb. CDilc™ DCs were prepared as previously described (19, 20).
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FIGURE 1. Reconstitution of Cll-specific TCR, CTIT, on splenic CD4*
T cells of DBA1 mice. A, Schematic representation of the bicistronic ret-
rovirus construct of CIIT. B, Representative result of retroviral transduc-
tion of CIIT in DBAI splenocytes. The cells were stained for VS88.1/8.2
and CD4. C, Ag specificity of CIIT-transduced CD4* T cells. Mock-.
DO11.10-, and CHT-transduced CD4 ™ T cells were cultured with no APC.
1 X 10° APC (irradiated splenocytes), APC plus 100 pg/mi mClII, or APC
plus 100 pg/mi bCIL. D, CFSE-labeled mock- or ClIT-transduced T cells
were transferred into ClA-induced DBAI mice. Ninety-six hours later,
CD4" T cells in the spleen, ILN, paws, and lungs were e¢xamined for
V38.1/8.2*CD4* gated CFSE-positive cells.

Briefly, spleen cells or lymph node cells were digested with collagenase
type I'V (Sigma-Aldrich) and DNase 1. and the CD11c™ cells were selected
twice by positive selection using MACS CD1 ¢ microbeads and magnetic
separation columns. The purity (85% in average) was determined by vi-
sualization with anti-CD1I¢c-biotin followed by streptavidin-PE. A CD19”
B cell population was prepared by positive selection with MACS using
anti-CD19 mAb. For CFSE-labeling (Molecular Probes), cells were resus-
pended in PBS at 1 X 107/ml and incubated with CFSE at a final concen-
tration of 5 mM for 30 min at 37°C, followed by two washes in PBS. An
Anti-FITC MultiSort kit (Miltenyi Biotec) was used in the negative selec-
tion experiment in the CD11c* population.

Paw tissues were prepared by removing the skin and separating the limb
below the ankle joint. Finely minced tissues were incubated in complete
RPMI 1640 medium with | mg/ml type IV collagenase (Sigma-Aldrich)
for 60 min. The cell suspension was strained through nylon mesh and
washed with PBS. In the single-cell sorting experiment, anesthetized mice
were sacrificed by cardiac perfusion with PBS before the paw preparation.

Proliferation assay

At 24 h postinfection, purified CD4™ T cells were cultured at 0.5-1 x 10*
cells/well, with 1 x 10° cells/well of irradiated splenocytes or 1 X 10°
cells/well of irradiated CDllc* DCs in 96-well. flar-bottom microtiter
plates in volumes of 100 pl of complete medium with or without 100
pg/ml heat denatured bCII or murine CH (mCII) (Chondrex). After 24 h of
culture, the cells were pulse-labeled with 1uCi of [*H]thymidine/well
(NEN Life Science Products) for 15 h and the [*H]thymidine incorporation
was determined.

Flow cviometry

The percentage of TCR gene transduced cells in each organ was deter-
mined by FACS analysis. Cell suspensions were first incubated with anti-
CD16/CD32 (BD Pharmingen) to block FeRs. The cells were then stained
with anti-CD4-allophycocyanin-Cy7, anti-V38.1/8.2-PE, anti-Va2-biotin
followed by streptavidin-allophycocyanin (BD Pharmingen). Flow cytom-
etry was perfonned using FACSVantage.
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TCR GENE THERAPY FOR ARTHRITIS
Table L. Major clones in VB8.1/8.2° CD4™ T cells from seven urthritic mice
;) CDR3 1B
Mouse 1 major YFC2 SGDRGNSDY TFGSG
Mouse 2 major YFCR SGDVFNERL FFGHG
Mouse 3 major YFCOD2 SDRLGGLYEGQ VFGPG
Mouse 4 major YFCA SGDSGGERL FFGHG
Mouse 5 major YFCA SGDAGDTQ YFGPG
Mouse 6 major YFCA SGVPGQGANER FFGHG
Mouse 7 major YFCRAa SGDPGGQDTQQ YFGPG

Real-time PCR

The skin was stripped from the mouse paws and the paws were frozen in
Isogen (Nippon Gene). mRNA extraction and cDNA preparation were per-
formed according to the manufacturer’s (Nippon Gene) instructions. Real-
time quanritative PCR was performed using CyberGreen master-mix (Qia-
gen) and an iCycler (Bio-Rad). Primer pairs were selected as previously
described for B-actin. GAPDH, TNF-a, IFN-y, 11.-18, and IL-10 (21).
1L-17 primer pairs were as follows: [L-17 forward &'-GCTCCAGAAGG
CCCTCAGA-3" and IL-17 reverse 5'-AGCTTTCCCTCCGCATTGA-3".
The PCR parameters were 95°C for 13 min, followed by 50 cycles of 95°C
for 30 s, 52°C for 30 s, and 72°C for 60 s.

Results 4
Reconstitution of paw specificity by gene transfer of the
Cll-specific TCR
Our aim was to generate an inflamed paw-directed T cell that ex-
presses a regulatory molecule using TCR cloned from an arthritic
paw. To this end, we first examined whether TCR reconstituted
CD4™ T cells could accumulate in the arthritic paw. We selected
TCR «f sequences of a known Cll-specific TCR (15) for the re-
constitution and subcloned them into a bicistronic retrovirus vec-
tor. This TCR was designated as CIIT (Fig. 1A).

In the gene transduction experiment, control cells that were
transduced with an empty vector (pMX) were designated as mock-
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transduced cells. In a representative experiment, the percentage of
VB8.1/8.27 T cells in the CD4™ population was increased from
6% (100 X 13.0/(13.0 + 23.3)) to 68% (100 X 30.4/(30.4 +
14.1)) after infection of CIT a- (Vall) and 8- (VB8.2) chains
into DBA1 splenocytes (Fig. 1B). The calculated efficiency of
B-chain transduction into initially V38.1/8.2-negative cells was
~50% (100 X (68 — 36)/(100 ~ 36). We speculated that the
wransduction efficiency of the a-chain was equal to that of the
B-chain. Therefore, the clonotypic transduction efficiency was es-
timated to be ~25%.

We next examined the specific reactivity of CHT-transduced
cells. Though ClIT-transduced cells showed only marginal prolif-
eration in the presence of autologous irradiated splenocytes alone.
these cells proliferated strongly in the presence of mCII and bClIl
(Fig. 1C). Moreover, this proliferation was blocked by anti-I-AY
Ab (data not shown). The reactivity of CliT-transduced cells to
mCll is consistent with a previous report that a T cell hybridoma
expressing this TCR was. accumulated in the inflamed joints of
mice (9). There was no significant difference in proliferation be-
tween mock- and DO11.10 TCR (1-A9 restricted, OV A, 1q_q30-Spe-
cific TCR) (22) transduced cells in the presence of DCs with or
without CII. Thus, CIIT gene transfer can reconstitute Ag speci-
ficity on CD4™ T cells of DBA1 mice in vitro.
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Identification and reconstitution of B47 TCR. which was autoreactive and not specific to CIL. A, An example of identification of an expanded

TCR in CIA by the TCR-SSCP method. RT-PCR was performed with V38.1/8.2-specific and CB primers for cDNA of sorted single cells and the total paw.
PCR products were subjected to electrophoresis. Lane Sc, Single-cell-sorted T cells. Lane P, Total paw T cells. A few TCR B-chains from sorted single
cells exhibited the same motility as that from the total paw (arrow). B, Amino acid sequences of identified B47 TCR a- and B-chains expanded in CIA.
C. Schematic representation of the bicistronic retrovirus construct of B47 TCR. D. Representative result of retroviral transduction of B47 TCR in DBAI

splenocytes. The cells were triple stained for Va!

2, VB8.1/8.2. and CD4. CD4 gared dot plots are shown. E. Representative result of autorcactivity of

Bd7-transduced CD2" T cells. Indicated numbers of mock-, DO11.10-, or B47-transduced CD4™ T cells and 1 X 10* of CD1ic™ dendritic cells were
cultured in 96-well plates. F, A total of 1 X 10* mock- or B47-transduced cells were cultured with no APC, 1 X 10* splenic CD11¢* cells, splenic CDilc*

cells plus 100 pg/mt mC1l, or splenic CD11c¢” cells plus 100 ug/mi bCT

1.
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FIGURE 3. Kinetics of B47-transduced T cells in ar-
thritic mice. A, Mock- or B47-transduced cells were la-
beled with CFSE and i.v. transferred to arthritic mice.
Five days later, the spleen, ILN, paws. and lungs were
analyzed for Vo2* VBB.1/8.2*CFSE*CD4™ T cells by
FACS. B, The average percentages of Va2*Vg8.1/
82 CFSE'CD4" T cells in the indicated organs from
three independent experimerts. *, A significant differ-
ence (p < 0.05) compared with mock group. C, CFSE
analysis of Va2*Vp8.1/8.27CD4* T cells in the indi-
cated organs. Va2”CD4™ gated profiles are shown. D,
[FN-y expressions were quantified with real-time PCR
in Va2*VB8.1/8.2*CFSE*CD4* T cells from the in-
dicated organs.
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To investigate in vivo migration capacity of CI[T-transduced cells,
CFSE-labeled CII'T-transduced cells were ransferred to arthritic mice
via the tail vein. The spleen, inguinal lymph nodes (ILN), paws, and
lungs were analyzed 4 days after the transfer. Mock-transduced cells
showed a relatively convergent peak of high CFSE fluorescence in all
organs examined. CIIT-transduced cells also showed a relatively con-
vergent peak of high CFSE fluorescence in the spleen and lungs. In
contrast, ClIT-transduced cells showed a significant increase of cells
with weak fluorescence in the ILN and paws (Fig. 1D). This resuit
indicated that T cells reconstituted by paw Ag-specific TCR are able
to accumulate at the site of arthritis.

Identification of a VB8.1/8.27CD4™* T cell clone expanded in
the arthritic paw using the TCR-SSCP method

To identify the TCR clone expanded in the arthritic paw. we focused
on the TCR V38.1/8.2 subfamily, which is one of the largest TCR VB
subfamilies, We first examined sequences of the CDR3 motif of
V38.1/8.2% T cells in the inflamed paw of CIA mice. When we an-
alyzed major clones in V38, 1/8.2*CD4" T cells from seven arthritic
mice, five of the seven mice had major clones with a similar motif
containing aspartic acid and glycine in their CDR3, DXGG, DXXG,
and DXGX (Table 1).

Mock Mock B47 B4T
spt

N s NN

To obtain a pair of TCR «- and B-chains from a cell expanded in
the arthritic paws, we performed single-cell sorting of V£38.1/
8.2*CD4™ T cells. cDNA was synthesized and the sequence of the
TCRp chain was determined by three-step nested PCR. The sequence
of the TCRe chain was determined by three-step seminested PCR
using a series of Va1-22 primers. The B-chain sequences of ~50%
of the sorted cells were determined. We compared TCR-SSCP of total
paw Vf38.1/827CD4" T cells and those of single cells (Fig. 24).
Some sorted single-cell clones had TCRB chains that were identical
with the major clone in the arthritic paw. Among identified clones.
B47 was found to be expanded in the arthritic paw. The TCR chain
of B47 made up 9.1% of total V38.1/8.2 sequences in SSCP. The
DXGG motif in CDR3 of the B47 B-chain suggests that B47 recog-
nizes a common Ag in arthritis (Fig. 2B). The TCRa chain of B47
belonged to the Va2 sublamily.

B47-transduced cells showed strong autoreactive response 1o
CD1Ic* DCs from arthritic mice

We subcloned ¢cDNA of the B47 a- and -chain into a bicistronic
retrovirus vector (Fig. 2C). The transduction efficiency of the B47
clonotype was determined by anti-Va2 and VB8.1/8.2 Abs, and
the clonotypic transduction efficiency was 30-40% on average
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FIGURE 4. A DC subpopulation that stimulated B47- and Cil-trans-
duced CD4™ T cells. 4, ILN cells were stained with CD8-FITC, CD11b-
PE. and CD11c-Tricolor and analyzed by FACS. A representative CD1lc
gated dot plot is shown. B, Stimulation of B47 TCR-transduced cells with
ILN whole CD1Ic™* cells, CDS-depieted CDilc™ cells, and CD11b-de-
pleted CD11c¢™ cells. C. Stimulation of CII TCR-transduced cells with
ILNI whole CD1lc* cells. CD8-depleted CD11c* cells. and CD11b-de-
pleted CD1lc™ cells.
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(Fig. 2D). B47-transduced CD4™ cells proliferated in the presence
of autologous CD1lc* DCs of the spleen and draining lymph
nodes from naive mice (Fig. 2E). Though mock- and DO11.10-
ransduced CD4 ™~ cells were stimulated weakly by CD11¢™ DCs
from naive and arthritic mice, B47-transduced CD4™ cells prolif-
erated more strongly in the presence of CD11c¢™ DCs from arthritic
mice (Fig. 2E). In addition, B47-wansduced CD4™ cells did not
show increased proliferation in response to mCII and bCll (Fig.
2F). Therefore, B47 TCR was found to recognize an autoantigen
that is presented more efficiently in arthritic mice.

We next examined the kinetics of B47-transduced CD4 ¥ cells in
the arthritic mice. Mock- or B47-transduced CD4* cells were la-

FIGURE 5, B47 and TNFRIg cotransduced CD4™ T
cells suppressed CIA progression. A, Retroviral gene
transter of B47 and TNFRIg in DBA1 splenocytes. The
results shown are representative of three independent
experiments. The cells were triple stained for Vo2,
V38.1/8.2, and CD4. CD4 gated dot plots are shown. B,

TCR GENE THERAPY FOR ARTHRITIS

~ beled for CFSE and transferred to arthritic mice via the tail vein.

These mice groups were designated as the mock group and the B47
group, respectively. Five days after transfer, the accumulation of
Va2*VB8.1/8.2" CFSE*CD4™ T cells was similar in the spleen
and tung of the mock group and the B47 group (Fig. 3, A and B).
In contrast, the accumulation of Va2V 38.1/8.2"CFSE*CD4™ T
cells in the ILN and paws of B47 group was significantly greater
than that in mock group (Fig. 3, A and B). Moreover, Va2V 38.1/
8.2"CFSE*CD4™ T cells in the ILN and paws showed lower
CFSE fluorescence than those in the spleen of the B47 group and
in the ILN and paws of the mock group (Fig. 3C). Va2¥V38.1/
8.2"CFSE*CD4™ T cells in the ILN of the B47 group showed
higher expression of IFN-vy than those in the spleen of the B47
group or in the spleen and ILN of the mock group (Fig. 3D). This
result indicated that transfer of B47 allowed CD4™ T cells to ac-
cumulate in the draining lymph nodes and arthritic paws.

In Fig. 3A, the Va2*V£8.1/8.27 population also increased in
these mice. In in vitro experiments using GFP-reported TCR o and
B expression vectors (pMIG-TCRa and pMIG-TCR), the expres-
sion of the transduced TCR B-chain was rather unstable compared
with that of the wransduced TCR a-chain (K. Fujio, unpublished
data). We suppose that this phenomenon was related to phenotypic
allelic exclusion of the TCR B protein, because internal ribosomal
entry site (IRES)-driven GFP expression was sustained despite a
decrease of TCR B-chain expression. We think that at least a part
of the Va27V8.1/8.27 population may have come from B47-
wransduced cells that lost TCR S expression.

We next explored the subpopulation of CD11¢™ DCs that can
present arthritis-associated autoantigens. CD1lc¢* DCs in ILN
can classified into three groups, CD11c¢*CD11b™CD8™ cells,
CDI1lc*CD11b*CD8™ cells, and CD11¢*CD11b~CD8™ cells (Fig.
4A). We compared the Ag presentation of total ILN CD11c™ DCs,
MACS-depleted CD8 " CD11c™ DCs, and CD11b"CD11¢* DCs to
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each experimental group. C. B47+TNFRIg-wansduced
CD4* cells containing 0.5-1 X 10° B47 and TNFRIg
cotransduced cells were transferred to bCI-immunized
mice just before the onset of arthritis (day 28). Data are

shown as the mean of the clirical scores (Jeft panel) and
the incidence of severe arthritis (arthritis score =4) E
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(right panel) at the indicated time points after the bCll
priming (n = 16 per cach group). A, PBS; ¢, Mock; R,
B47; O, TNFRIg; O, B47+TNFRIg. D. Serum concen-
trations of anti-Cil Ab in each experimental group. E,
Serum concentrations of TMFRIg protein in the TN-
FRIg and B47+TNFERIg groups. F. Accumulation of
the TNFRIg gene in arthritic paws. The relative expres-
sions were determined by quantitative PCR. G. Histo-
logic examination of each experimental group. H, The
cellular infiltration and pannus invasion were scored for
each experimental group. Data represent the mean val-
ues and SEs. = indicates a significant difference (p <

ki
194
s

0.05) compared with mock group. /. The expressions of
cytokine mRNAs were determined by quantitative PCR
analysis. cDNAs were synthesized from the paws of
each experimental group. Cytokine expressions in the
paws (left panel) and ILN wright panely are shown.
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FIGURE 6. B47 and Foxp3 cotransduced T cells suppressed CIA and expression of pathogenic cytokines. A, Foxp3-reconstituted cells showed sup-
pressive activity. A total of 1 % 10% naive CD4™ cells (n) and | X 10* CD11c* cells (DC) in the presence or absence of anti-CD3 Ab (10 pg/ml) were
cultured with no cells, 1 X 10° mock (pMX-IRES-GFP)-transduced CD4~ cells, ‘or Foxp3-transduced CD4™ cells. Representative results of three exper-
iments are shown. 8, B47 and Foxp3 cotransduced T cells suppressed CIA progression. B47+Foxp3-transduced cells containing 0.5-1 X 10° of
Va2 "VBETGFPTCD4™ cells were transferred to bCli-immunized mice before the onset of arthritis (day 23). Equivalent numbers of mock, B47, and
Foxp3-wansduced cells were transferred as controls, Data are shown as the mean of clinical scores at the indicated time points after the bClI priming (n =
22 per each group). A, Mock; 4, B47; B, Foxp3; [J, B47+Foxp3. *, A significant difference (p < 0.05) compared with the mock-transduced cells. C.
The expressions of cytokine mRNAs were determined by guantitative PCR analysis. cDNAs were synthesized from the paws of each experimental group.
Cytokine expressions in the paws (upper panel) and ILN (lower panel) are shown. D, The cellular infiltration and pannus invasion were scored for each
experimemal group. Data represent the mean values and SEs. #, A significant difference (p < 0.05) compared with the mock group. E. Reconstituted
regulatory T cells were transferred 1o bCIl-immunized mice just afier the arthritis score reached approximately two points. Data are shown as the mean
of clinical scores at the indiczied time points after the bCII priming (n = 12 per each group). A. Mock; ¢, B47; B, Foxp3; [, B47+Foxp3. %, A significant
difference (p < 0.05) compared with the mock group.

These mock, B47, TNFRIg, or B47 plus TNFRIg transduced cells
were i.v. ransferred to CIl-immunized mice via the tail vein just be-

B47-transduced CD4™ cells. As shown in Fig. 4B, CD11b-depleted
CD11c¢™ DCs lost their autoantigen presentation to B47-transduced

CD4™ cells. We next examined the autoantigen presentation to CUT-
transduced CD4™ cells. CD11b-depleted CD1ic™ DCs from ILN
cells of CIA mice also lost their autoantigen presentation to Cll-spe-
cific T cells (Fig. 4C). These results indicated that CD11b"CD11c™
DCs are important APCs in athritis.

B47 plus TNFRIg-ransduced ceils suppressed CIA

We next attempted to use paw-directed B47-transduced CD4™ cells
as a vehicle for therapeutic molecules. We constructed a TNFRIg-
expressing vector by fusing the murine p75 TNFR and Fc domain of
1gG2a. TNFRIg-producing paw-directed cells were generated by tri-
ple gene transfer of B47 TCR and TNFRIg. We prepared three groups
receiving controlled gene wansfer of either mock vector, B47 alone, or
TNFRIg alone. The clonotypic transduction efficiency was ~30% on
average (Fig. 54). Though we could not directly detect the transduc-
tion efficiency of TNFRIg, the TNFRIg protein concentrations in the
culture supernatant of B47 plus TNFRIg-transduced CD4™ cells were
equivalent to those of TNFRIg (Fig. 5B). Therefore, the transduction
efficiency of the TNFRIg gene was considered (o be almost equal in
these two groups.

fore the onset of arthritis at day 28. These mice groups were desig-
nated as mock group, B47 group, TNFRIg group, and B47 plus
TNFRIg group, respectively. The arthritic score of B47 plus TNFRIg
group was evidently suppressed compared with those of the mock and
B47 groups (Fig. 5C). The arthritis score of the TNFRIg group was
slightly suppressed. In terms of the incidence of severe arthritis, the
B47 plus TNFRIg group clearly showed the lowest rate.

Accumularion of TNFRIg transcript in the paws was important
Jor arthritis suppression

We next examined the kinetics of the transduced TNFRIg gene.
Because the titers of anti-ClI 1gG at day 38 were equivalent in all
experimental groups, TNFRIg did not directly affect the huinoral
immune response (Fig. SD). The serum concentrations of TNFRIg
protein in the B47 plus TNFRIg group were equivalent to those in
the TNFRIg group at day 38 (Fig. SE). This result indicated that
the serum concentration of TNFRIg was not the main determinant
of arthritis suppression in the B47 plus TNFRIg group.

We then checked the accumulation of TNFRIg transcript in the
lymphoid organs and paws. The amount of TNFRIg transcript was
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determined by real-time PCR of ¢cDNAs from tissues of day 46
(Fig. 5F). The amount of TNFRIg transcript was equivalent be-
tween these two groups in the spleen and ILN. This result was
consistent with the equality of the serum concentration of TNFRIg.
In contrast, the amount of TNFRIg in the paws of the B47 plus
TNFRIg group was significantly higher than that in the paws of the
TNFRIg group. Therefore, local accumulation of the TNFRIg tran-
script suppressed arthritis in the B47 plus TNFRIg group.

On histologic examination, although the control groups showed
severe inflammation, the B47 plus TNFRIg group showed only
marginal inflammation (Fig. 5G). We graded mononuclear cell in-
filtration and cartilage/bone destruction by histopathological de-
termination of the pannus invasion. Mononuclear cell infiltration
and pannus formation were significantly suppressed in the B47
plus TNFRIg group (Fig. SH).

We next evaluated the gene expression profiles of the paws and
ILN by quantitative PCR. Among the cytokines important for ar-
thritis progression, the expression of IL-17A was significantly sup-
pressed in the paws, but not in ILN (Fig. 5/). In contrast, the
expressions of TNF-a and 1L-183 were not significantly suppressed
in either the paws or ILN.

B47 plus Foxp3-transduced T cells suppressed CIA

We next tried to generate paw-directed regulatory T cells by co-
transfer of B47 and Foxp3. It has previously been shown that ret-
roviral transduction of Foxp3 confers a regulatory function onto
CD4™ T cells (5) (Fig. 64). We generated B47 plus Foxp3-trans-
duced cells (B47 plus pMX-Foxp3-IRES-GFP); three groups re-
ceived controlled gene transfer of either the mock vector (pMX
plus pMX-IRES-GFP), B47 alone (B47 plus pMX-IRES-GFP) or
Foxp3 alone (pMX plus pMX-Foxp3-IRES-GFP). These gene-
transduced cells were i.v. transferred to bCII-immunized mice be-
fore the onset of arthritis (day 23). These mice groups were des-
ignated as mock group, B47 group, Foxp3 group. and B47 plus
Foxp3 group. respectively. B47 plus Foxp3 group showed a sig-
nificant suppression in the development of arthritis (Fig. 6B).
Foxp3 group showed onlv a marginal suppression of arthritis.

The titers of anti-CII Abs did not differ among these experimen-
tal groups (data not shown). When we evaluated the gene expres-
sion profiles of the paws and ILN by quantitative PCR, TNF-q,
IL-17A, and IL-1 were found to be significantly suppressed (Fig.
6C). A suppressive cytokine, I1.-10, was not up-regulated in the
B47 plus Foxp3 group (data not shown). In ILN, the expression of
TNF-a, [L-17A, and 1L-18 was not suppressed in the B47 plus
Foxp3 group (data not shown).

On histologic examination, although the control groups showed
severe inflammation, the B47 plus Foxp3 group showed only mar-
ginal inflammation (data not shown). Mononuclear cell infiltration
and pannus formation were suppressed in the B47 plus Foxp3
group (Fig. 6D). These results suggest that regulatory T cells at
arthritic sites suppress bone destruction as well as inflammation. In
contrast, Foxp3-transduced T cells without Ag specificity were not
sufficient for arthritis suppression. Reconstituted regulatory cells
also showed effective suppression when transferred after the onset
of arthritis. at which time the average arthritic score reached
around two points (Fig. 6E).

Discussion

We demonsirated the therapeutic efficacy of T cells transduced
with an arthritis-associated TCR and a soluble and intracellular
molecule. To obtain these paw-homing T cells, we cloned TCR
from T cells expanded in the arthritic paws using a combination of
single-cell sorting and TCR-SSCP. This method enabled us to
identify the TCRs expanded in the inflamed tissues.

TCR GENE THERAPY FOR ARTHRITIS

In response to the treatment with TNFRIg. T cells coexpressing
B47 and TNFRIg exhibited suppressive activity associated with
local accumulation. This result suggested that the main determi-
nant of therapeutic efficacy in anti-TNF therapy is local accumu-
larion, not serum concentration. Therefore, the conventional sys-
temic administration of an anti-TNF drug that depends on serum
concentration may not be a reasonable therapy. An elevated serum
concentration is associated with systemic immunosuppression and
high cost of treatment. Local injection of an anti-TNF drug is
another approach to avoid a systemic suppressive effect (23, 24).
However, this approach is not ideal due to the polyarthritic nature
of RA. In contrast, T cells that produce TNFRIg and accumulate in
the paws at the arthritic sites can reach multiple paws with reduced
systemic effect. .

The TCR transfer was also effective in the treatment with intra-
cellular Foxp3 expression. Though suppression of murine arthritis
with polyclonal regulatory T cells have been reported (25), the
importance of T cell specificity has not been addressed. In the
Foxp3 transfer experiment, Foxp3-expressing T cells with arthri-
tis-associated TCR were effective. Once activated, regulatory T
cells exhibit suppression in an Ag nonspecific manner (26). How-
ever, Ag specificity is important in the migration and expansion of
regulatory T cells (27, 28). Indeed, Ag-specific regulatory T cells
are efficient in suppressing various autoimmune diseases. The
problem is how 1o obtain a sufficient amount of organ-Ag-specific
regulatory T cells for therapeutic transfer. TCR and Foxp3 gene
transfer is one possible approach to overcome this problem. Many
mice spleens may be required to obtain 0.5-1.0 X 10° of
CD4*CD25" regulatory T cefls, which is required to treat one
mouse in the prior CIA treatment (25). In contrast, in vitro-ex-
panded cells derived from a quarter of a spleen were sufficient to
treat one mouse in our experiment.

Several groups have reported that regulatory T cells are accu-
mulated in the joints of arthritis patients (29, 30). These joint-
accumulating CD4*CD25* T cells display a greater ability to sup-
press arthritis than blood CD47CD25* T cells. However, the
precise role that these accumulating regulatory T cells play in the
pathology of arthritis has not been clarified. Our experiments sug-
gest that regulatory T cells in arthritic joints have the capacity to
suppress pathogenic cytokine expression and bone destruction.
Moreover, it is noteworthy that reconstituted regulatory T cells
suppressed ongoing arthritis (Fig. 6F). There are several evidences
that blocking of a specific inflammatory cascade ameliorates CIA
after the onset. IL-10 and anti-IL.-17A have been reported to inhibit
ongoing CIA (31, 32). Our results suggested that regulatory T cells
suppress arthritis by blocking the continuous inflammatory pro-
cess. Therefore, regulatory T cells or Foxp3 therapy may be a
feasible approach for established RA patients.

In therapeutic experiments for autoimmune diseases, use of a
TCR without specificity to the disease-priming Ag can be an ad-
vantage. In our experiment, transfer of B47-transduced cells did
not exacerbate arthritis. If Cli-specific TCR is used for treatment,
there is a possibility that the arthritis will be exacerbated due to
enhancement of anti-ClI immunity. This potential risk is important
for the priming Ag-specific T cell-based treatment of other auto-
immune diseases or human diseases that last for a significantly
longer period than the diseases in mouse models. Indeed, it is
necessary to clarify the specificity of these TCRs associated with
arthritis or other autoimmune disorders before clinical application.
Despite epitope screening with synthetic combinatorial peptide li-
braries in a positional scanning format (PS-SCL) (33), the precise
autoantigen for B47 has not been determined.

We confirmed the clonal expansion of autoreactive CD4™ T
cells that were not specific to the priming Ag in the arthritic paws
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of this mouse model. This result may have important implications
for the treatment of autoimmune inflammation. Because
CDIi1c¢*CD11b* DCs present both CIl and an Ag recognized by
B47, this DC population may be associated with copriming of B47
upon CII immunization.

In summary, we identified a TCR that is expanded in arthritic
paws by a combination of TCR-SSCP and single-cell sorting. This
arthritis-associated TCR that was not specific to the disease-prim-
ing Ag wes used as a highly effective therapeutic vehicle for both
soluble and intracellular molecules.
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Splenic Dendritic Cells Induced by Oral Antigen
Administration Are Important for the Transfer of Oral
Tolerance in an Experimental Model of Asthma

Katsuya Nagate_mi,1 Makoto Dohi, Yasuo To, Ryoichi Tanaka, Katsuhide Okunishi,
Kazuyuki Nakagome, Kayo Sagawa, Yudo Tanno,? Yoshinori Komagata,® and
Kazuhiko Yamamoto

Peripheral tolerance can be induced after the feeding of Ag, which is referred to as oral tolerance. We demonstrated in this study that
the oral administration of OVA induced tolerance in an experimental model of asthma in mice, and investigated which cells function
as the regulatory cells in the transfer of this oral tolerance. In OVA-fed mice, the percentage of eosinophils in bronchoalveolar lavage
fluid, serum IgE levels, airway hyperresponsiveness, and mRNA levels of I1-13 and eotaxin were significantly lower than found in
nonfed mice. Histological examination of lung tissue showed a suppression of the accurnulation of inflammatory cells in the peribronchial
area of OVA-fed mice. Feeding after the first immunization or between the first and the second immunization suppressed these findings,
whereas feeding just before the airway Ag challenge did not. The suppression of disease in OVA-fed mice was successfully transferred
by injection of whole spleen cells of OVA-fed mice. When CD11c* dendritic cells (DCs) were removed from splenocytes, this transfer
of suppression was completely abolished. The injection of splenic DCs purified from OVA-fed mice alone transferred the suppression,
whereas the injection of splenic DCs from naive mice that were cocultured with OVA in vitro did not. These data suggest that not only
CD4™ T cells, but also CD11c¢* DCs induced by Ag feeding are important for the active transfer of oral tolerance in this murine

experimental model of asthma. The Journal of Immunology, 2006, 176: 1481-1489.

ral tolerance is one of the approaches to inducing Ag-
O‘ specific peripheral tolerance. Although the therapeutic

applications of oral tolerance to the treatment of Thl-
driven autoimmune diseases such as experimental allergic enceph-
alomyelitis and collagen-induced arthritis are relatively well doc-
umented, the mechanisms of suppression of Th2-driven allergic
inflammation such as bronchial asthma are not yet well understood
(1). The induction of oral tolerance is an immunologic process that
is mediated by more than one mechanism and depends on dose and
regimen. For the therapeutic application of oral tolerance to pa-
tients with allergies or autoimmune diseases, it is important to
estimate the most effective conditions for these factors (2). In par-
ticular, the feeding dose has been regarded as an important factor
in the induction of oral tolerance. It was previously reported that
low-dose feeding of Ag induced active cellular regulation, which
was adoptively transferred in vivo (3, 4). In contrast, high-dose
feeding of Ag induced clonal anergy and/or deletion that was not
transferable (5-8). Some studies have shown that high- or low-
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dose feeding of Ag prevents Th2-driven allergic inflammation
such as bronchial eosinophilia (9-11) and airway hyperrespon-
siveness (12, 13). However, there have been few reports on
whether feeding dose and regimen influence the effects of oral
tolerance in Ag-induced lung inflammation in mice (14), which
models certain aspects of human asthma. We demonstrated that the
oral administration of Ag induced tolerance in an experimental
model of asthma, and we evaluated whether the feeding protocol
exerted an influence on the induction of tolerance in this model.
Regarding the regulatory cells induced in oral tolerance, there
have been conflicting findings. Initially, it was reported that the
regulatory cells induced by Ag feeding were CD8™ cells in Lewis
rat models of experimental allergic encephalomyelitis (15) and
uveitis (16). Yet, it has also been reported that CD8 ™ cells but not
CD4-deficient or depleted mice cells had induced oral tolerance in
murine models of collagen-induced arthritis (17), experimental al-
lergic encephalomyelitis (18), and pulmonary eosinophilia (9). It is
now generally accepted that CD4™ T cells are major cells in the
induction of oral tolerance. We performed the adoptive transfer of
spleen cells depleted of a specific subpopulation, including APC,
to determine which cells were regulatory cells in this transfer of
oral tolerance, and we showed that dendritic cells (DCs)* were
important for the transfer. Then, we found that the injection of
CDI1c* DCs from OVA-fed mice could transfer the tolerance.
A recent study has shown that the adoptive transfer of pulmonary
DCs from mice exposed to respiratory Ag induced Ag-specific unre-
sponsiveness in recipient mice {19), suggesting that DCs play a crit-
ical role in the induction of the tolerance. In addition, it has been
demonstrated that DCs are the major APC in gut-associated lymphoid
tissue, and that DCs control the immune response to fed Ag. In the

4 Abbreviations used in this paper: DC, dendritic cell; BALF. bronchoalveolar lavage
fluid: PAS. periodic acid-Schiff.
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present study, bronchial eosinophilia was actively suppressed by the
transfer of splenic DCs from Ag-fed mice. Our report indicates the
major role of splenic DCs in the transfer of active suppression by oral
tolerance in a murine experimental model of asthma.

Materials and Methods
Mice

Male BALB/c mice (6 wk of age) were purchased from Japan SLC. The
mice were maintained under specific pathogen-free conditions. All of the
animal experiments conducted in this study were approved by the Animal
Research Ethics Board of the Department of Allergy and Rheumatology,
University of Tokyo (Tokyo. Japan).

Immunization of mice

Five to ten mice per group were immunized according to a previously
described method (20, 21). Briefly, mice were immunized i.p. with 2 ug of
OVA (grade V; Sigma-Aldrich) in 2 mg of aluminum hydroxide (alum).
This immunization was repeated after a 10-day interval (on days 0 and 10).
Control mice received a saline injection instead of the OV A/alum solution.
Seven days after the immunization, sensitized mice inhaled an aerosolized
solution of 3% OVA dissolved in PBS for 10 min. OVA inhalation was
conducted for 3 days in a row (days 18, 19. and 20). Control mice inhaled
PBS alone under the same conditions as used for the experimental group.

Induction of oral tolerance

Before the firsti.p. immunization, mice were fed | mg (low-dose) or 30 mg
(high-dose) of OVA or water only (nonfed) every other day from 10 to 2
days before the first immunization (five feedings in total) by gastric intu-
bation with a stainless steel animal feeding needle. To examine the inhib-
itory effect of feeding on ongoing immunization, mice were fed 30 mg of
OVA only before the first i.p. immunization (pre-i.p.), only after the second
i.p. immunization (post-i.p.), or between the first and the second immuni-
zation (intermediate 1.p.). For post-i.p. feeding, we fed OVA every other
day from the day of the second immunization to 8 days after the immu-

nization. For intermediate i.p. feeding, we fed OVA every other day from

1 to 9 days after the first immunization.
Measurement of airway hyperresponsiveness

At 24 h after the final inhalation (day 21), airway hyperresponsiveness was
assessed by methacholine-induced airflow obstruction in the conscious
mice, as previously described. Briefly, the mice were exposed for 2.5 min
to nebulized physiologic saline (Otsuka Pharmaceutical), followed by in-
cremental doses (1-30 mg/ml) of nebulized methacholine. These mice
were placed in a whole-body plethysmograph for 2.5 min following neb-
ulization, and enhanced pause (Penh) was measured using Biosystem XA
WBP system (Buxco Electronics). “Penh™ represents pulmonary airflow
obstruction and was calculated using the formula: Penh = ((Te — Tr)/
(Tr X PEF/PIF)), where Penh = enhanced pause (dimensionless), Te =
expiratory time (seconds), Tr = relaxation time (seconds). PEF = peak
expiratory flow (milliliters per second), and PIF = peak inspiratory flow
(milliliters per second). Penh was measured and averaged approximately
every 5 s, and the cumulative values were averaged as the Penh value for
each time point. Airway hyperresponsiveness was expressed as PCypoMch
(200% provocative concentration of methacholine), which is the concen-
tration of methacholine that doubled the baseline Penh value.

Analysis of bronchoalveolar lavage fluid (BALF)

After the measurement of airway hyperesponsiveness, bronchoalveolar
lavage samples were obtained. The mice were anesthetized by i.p. injection
of sodium pentobarbital (Dainippon Chemicals), and then the lungs were
lavaged with 0.5 ml of saline four times. The lavage tluid was centrifuged
and the cells were resuspended in | ml of saline with 1% BSA (Wako Pure
Chemical). Total cell numbers were counted using a hemocytometer. Cy-
tospin samples were prepared by centifuging the suspensions at 300 rpm
for 5 min. To clearly distinguish the eosinophils from the neutrophils, three
different stains were applied: Diff-Quick, May-Griinwald-Giemsa, and
Hansel (eosin) stains. At least 300 leukocytes were differentiated by light
microscopy based on the standard morphologic criteria. The level of IL-13
in BALF was detected by ELISA kit (R&D Systems) following the man-
ufacturer’s instructions.

Measurement of serum 1otal IgE and OVA-specific Ig

On day 21, blood samples were obtained from the inferior vena cava with
a 25-gauge needle under anesthesia. After the samples had fully coagu-

lated. they were centrifuged. and the sera were collected and stored at
—80°C unti! use. Total IgE was assayed by ELISA using paired Abs (BD
Pharmingen) according to the manufacturer’s instructions. To measure
OVA-specific IgE, 1gGl1, and IgG2a in sera, plates were coated with 2
ug/ml OVA instead of capture Abs for OVA-specific IgE, IgG1, and
IgG2a, and these samples were assayed as described earlier. The titers of
the samples were calculated by comparison with internal standards, which
were obtained from the sera of OVA-sensitized mice on day 18. These
standards were calculated as 500 U/ml.

Histological examination of lung tissue

After bronchoalveolar lavage samples were obiained, in some of the ex-
periments the lungs were perfused with physiologic saline and were re-
sected from the mice. The lungs were fixed with neutralized buffered for-
malin (WAKO) and embedded in paraffin. Sections (3-um thick) were
stained with H&E or periodic acid-Schiff (PAS). The intensity of histo-
logical changes in the lungs was evaluated with four grading scores (0, no
inflammation; 1, slight/mild; 2. moderate; and 3, severe), according to the
distribution and intensity of the following findings, as previously reported
(20, 21): 1) epithelial shedding or undulation of the nuclei of bronchial
epithelial cells, 2) increase in the number of goblet cells, 3) infiltration of
inflammatory cells from vessels into the mucosal and submucosal area of
the bronchus and peribronchial interstitium, and 4) hypertrophy and thick-
ening of the smooth-muscle cell layer.

RT-PCR for analysis of cytokine and chemokine gene expression
in the lung

In some experiments, the lungs were removed after perfusion with physi-
ologic saline, and total RNA was extracted using ISOGEN (Nippon Gene)
according to the manufacturer’s instructions. Total RNA (10 pg) was re-
verse-transcribed using oligo(dT),s primer (Promega) and Superscript IT
RNase H-reverse transcriptase (Invitrogen Life Technologies) at 42°C for
2 h. To ensure that each sample contained the same amount of cDNA, the
B-actin cDNA concentration of each sample was first determined using
B-actin-specific primers. These samples were amplified for the appropriate
number of cycles, such that the amount of PCR product remained on the
linear part of the amplification curve. The PCR products were electropho-
resed in a 2% agarose gel and were visualized by ethidium bromide stain-
ing. We then determined the levels of IL-13, eotaxin, IL-10, IFN-y, and
TGF-p using the following specific primer sets. The sense primer for B-ac-
tin was 5'-ACGACATGGAGAAGATCTGG-3', and the antisense primer
was 5'-TCGTAGATGGGCACAGTGTG-3'. The sense primer for IL-13
was 53'-TCTTGCTTGCCTTGGTGGTCTCGC-3', and the antisense was
5'-GATGGCATTGCAATTGGAGATGTTG-3'. The sense primer for
eotaxin was 5'-GGGCAGTAACTTCCATCTGTCTCC-3', and the anti-
sense primer was 5'-CACTTCTTCTTGGGGTCAGC-3’. The sense primer
for IL-10 was 5'-TACCTGGTAGGAGTGATGCC-3’, and the antisense
was S'-GCATAGAAGCATACATGATG-3'. The sense primer for IFN-y
was S-CATAGATGTGGAAGAAAAGA-3', and the antisense was 5'-
TTGCTGAAGAAGGTAGTAAT-3". The sense primer for TGF-8 was 5’-
CTTTAGGAAGGACCTGGGTT-3’, and the antisense was 5'-CAGG
AGCGCACAATCATGTT-3'.

Positive and negative selection of spleen cells and adoptive cell
transfer

BALB/c mice were fed 30 mg of OVA every other day for a total of five
feedings. Two days after the last feeding, the spleen of each mouse was
digested with 0.1% collagenase (Sigma-Aldrich) at 37°C for 20 min. In
some experiments, single-cell suspensions of whole spleen cells were pre-
pared and cultured with Con A (2 pug/ml; Sigma-Aldrich) for 48 h. Cells
were collected, and 107 cells were adoptively transferred i.v. into naive
BALB/c mice. For negative selection, CD4*, CD8*, CD11c*, CD19%, or
CD11b* cells were depleted from the whole spleen cells using magnetic
beads (MACS: Miltenyi Biotec) with biotinylated anti-mouse CD4, CD8,
CDllc, CDI19, and CD11b mAb (BD Pharmingen), according to the man-
ufacturer’s instructions. The efficiency of depletion was examined by flow
cytometry (>99%). For positive selection, CD4* or CDIlc* cells were
purified using anti-mouse CD4~ or CD11¢™ microbeads (MACS) follow-
ing the manufacturer’s instructions. The purity of positively selected cells
was >93%. which was checked using flow cytometry. For cell transfer
experiments, cells were transferred into naive BALB/c mice from the tail
veins just before the first immunization or just after the second immuni-
zalion. The number of transferred cells was 107 for whole spleen cells.
subpopulation-depleted spleen cells, or positively selected CD4™ cells or
10 for positively selected DCs.
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Preparation of OVA-pulsed DCs

Single cell suspensions of whole spleen cells were prepared from naive
BALB/c mice, and CD11c™ cells were purified using anti-mouse CD11¢™
microbeads (MACS) as described earlier. Purified 1 X 10%ml CDl1c™*
cells were cultured with OVA at | mg/ml for 24 h. Cultured cells were
collected, and 10° cells were adoptively transferred i.v. into naive BALB/c
mice and immunized as described.

Statistical analysis

The results are expressed as the mean + SEM. Statistical evaluation was
performed with one-way ANOVA. Values of p < 0.05 were considered
statistically significant.

Results
Both low- and high-dose feeding prevented not only bronchial
eosinophilia but also airway hyperresponsiveness

Bronchial eosinophilia is reduced by the oral administration of
OVA in the murine model of OVA-induced lung inflammation
(14). We first examined whether the oral administration of OVA
prevented not only bronchial eosinophilia, but also airway hyper-
responsiveness, and we evaluated the feeding dosage required for
the induction of tolerance in this model. BALB/c mice were im-
munized twice i.p. with OVA/alum, and before the first i.p. im-
munization, we fed the mice | mg (low-fed) or 30 mg (high-fed)
of OV A, or water only (nonfed) once every other day for a total of
five feedings. Following OV A inhalation after the second immu-
nization, the number of total cells or eosinophils in the BALF,
serum IgE levels, and airway hyperresponsiveness were examined.

In the OVA-fed mice, the total cell number in the BALF (Fig.
1A), the percentage of eosinophils in the BALF (Fig. 1B), and
serum total IgE levels (Fig. 1C) were remarkably lower than found
in nonfed mice. Moreover, in the OVA-fed mice, PC,o,Mch,
which reflects airway hyperresponsiveness in this murine model of
asthma, was also significantly higher than that in nonfed mice (Fig.
1D). Histological examination of the lung tissue showed a dra-
matic suppression of the accumulation of inflammatory cells in
peribronchial and perivascular areas in low-dose (Fig. 1E, b and e)
and high-dose (Fig. 1E, ¢ and f) OVA-fed mice, as compared with
nonfed mice (Fig. 1E, a and ). At high magnification, dense
mononuclear cell infiltration was present in the peribronchial and
perivascular areas of the tissue in the nonfed mice; this infiltration
consisted primarily of eosinophils and lymphocytes (Fig. 1E, a and
d). High-dose feeding was more effective than low-dose feeding in
all of these observations (Fig. 1).

OVA feeding before the i.p. immunization prevented the disease,
but feeding after the i.p. immunization failed 10 suppress it

It is important in terms of clinical application whether Ag feeding
has suppressive efficacy on ongoing immune responses. To deter-
mine whether the timing of administration affecied the induction of
tolerance, we fed OVA to the mice not only before the immuni-
zation. but also after the second i.p. immunization or between the
first and the second i.p. immunization; we then evaluated the mice
for the suppression of several parameters of the disease. High-dose
feeding before the i.p. immunization (pre-i.p.) suppressed the per-
centage of eosinophils in BALF (Fig. 24), the level of serum total
IgE (Fig. 2B), and airway hyperresponsiveness (Fig. 2C). The
feeding between the first and the second i.p. immunization (inter-
mediate i.p.) also suppressed the percentage of eosinophils in
BALF, the level of serum total IgE, and airway hyperresponsive-
ness (Fig. 2F). However. the feeding after i.p. immunization (post-
i.p.) failed to induce suppression of the disease.

Th2 cytokines such as 1L-13 and chemokines such as eotaxin
can be regarded as essential mediators for the development of
bronchial eosinophilia and/or airway hyperresponsiveness. To ex-

1483

amine whether the suppression of bronchial eosinophilia or airway

"hyperresponsiveness was consistent with the local cytokine and

chemokine patterns in the lung, we checked the gene expression of
IL-13 and eotaxin in the whole lung tissue using RT-PCR. We also
checked the expression of IFN-vy as a Thl cytokine and of IL-10
and TGF-B as regulatory cytokines to examine the mechanism of
suppression. As shown in Fig. 2D, the levels of IL-13 and eotaxin
in the lung remarkably decreased in OVA-fed mice when we fed
the mice before i.p. immunization, as compared with the nonfed
mice. However, the feeding after the i.p. immunization failed to
induce suppression of IL-13 or eotaxin. The levels of TGF-8, IL-
10, and IFN-vy in the lung did not change in the OVA-fed mice
(Fig. 2D). When we checked the expression level of other Th2
cytokines such as IL-4 and IL-5, the levels of these cytokines were
sometimes suppressed in the group fed before i.p. immunization.
However, the results often fluctuated from experiment to experi-
ment (data not shown). We also measured the protein level of Th2
cytokines in BALF. In parallel with the gene expression, IL-13 in
BALF almost completely disappeared in the group fed before i.p.
immunization (Fig. 2E). However, the protein levels of IL-4 and
IL-5 were not significantly lower in this group (data not shown).

Whole spleen cells of OVA-fed mice transferred suppression of
bronchial eosinophilia before and dafter i.p. immunization

Oral tolerance is an active immunologic process that is mediated
by multiple mechanisms. One such mechanism is active suppres-
sion by Ag-specific regulatory cells. To examine whether the bron-
chial eosinophilia in this model is actively suppressed by the celi
transfer, we adoptively transferred spleen cells of high-dose OVA-
fed mice. In this model, 107 whole spleen cells were adoptively
transferred i.v. into naive BALB/c mice. and then the mice were
immunized with OVA/alum and subjected to OVA inhalation to
induce bronchial eosinophilia. In this experiment, we cocultured
the whole spleen cells with Con A for 48 h before the transfer to
expand T cells. Whole spleen cell transfer from high-dose OVA-
fed mice before the first i.p. immunization remarkably suppressed
bronchial eosinophilia (Fig. 34). Whole spleen cell transfer from
low-dose OVA-fed mice also suppressed bronchial eosinophilia
(data not shown). Next, to. evaluate whether the suppression of
bronchial eosinophilia could be transferred into mice in which im-
munization was in progress, we transferred whole spleen cells into
the mice after the second immunization with OVA/alum. Whole
spleen cell transfer from high-dose OV A-fed mice after the second
i.p. immunization significantly suppressed bronchial eosinophilia,
compared with the whole spleen cell wansfer from nonfed mice
(Fig. 3B). These results indicate that the bronchial eosinophilia in
this model was actively suppressed by whole spleen cell transfer
from OVA-fed mice, even in cases in which the immunization was
already ongoing.

CDI1c™ DCs are essential for the transfer of disease
suppression by oral tolerance

To identify the regulatory cells in this transfer system of oral tol-
erance, we examined whether the adoptive ransfer of spleen cells
depleted of a specific phenotype would suppress bronchial eosin-
ophilia. CD4™ cells, CD8™ cells, or APCs (CD11c*, CDI9™, and
CD11b* cells) were depleted from whole spleen cells using mag-
netic beads and adoptively transferred i.v. into naive BALB/c
mice, after which the BALB/c mice were immunized with OVA/
alum and bronchial eosinophilia was induced. Transfer of the
spleen cells depleted of APC failed to suppress the bronchial eo-
sinophilia, whereas the depletion of CD4* or CD8" cells partially
abrogated the suppression. The depletion of CD4™ cells abrogated
active suppression more effectively than did the depletion of CD8*

— 154 —



1484

SPLENIC DCs FOR ORAL TOLERANCE IN MURINE MODEL OF ASTHMA

Non-fed ] Non-fed .
}. ’
Low-fed *  Lowled - .
4
High-fed ] High-fed
O 10 20 30 40 50 0 10 20 30 40 SO

oefls (x10%) %

Norn-fed Non-fed —17
. . _} *
Low-fed +  Low-led *
High-fed - High-fed "
0 1000 2000 3000 0 5 0 15
ngAnt mg/mi

3

o
&

¥ e

1

KD

f

FIGURE 1. Prevention of experimental asthma by low-dose or high-dose OVA feeding. Before the first i.p. immunization, mice were fed 1 mg (Low-fed)
or 30 mg (High-fed) OVA or water only (Non-fed) every other day for a total of five feedings. Mice were immunized i.p. with 2 ug of OVA in 2 mg of
aluminum hydroxide. This immunization was repeated after a 10-day interval (on days 0 and 10). OVA inhalation was conducted for 3 days in a row (days
18, 19, 20). At 24 h after the final inhalation (day 21), airway hyperresponsiveness was measured. After the measurement of airway hyperresponsiveness,
BALF and blood samples werc obtained, and the whole lung was removed for histological examination. 4, Total cell numbers in BALF. Total cell numbers
were counted with a hemocytometer. B, The percentage of eosinophils in BALF. The cell differentials in the BALF were identified by morphologic criteria.
C, The level of serum total IgE was assayed by ELISA. D, Airway hyperresponsiveness was assessed by methacholine-induced airflow obstruction, Airway
hyperresponsiveness was expressed as PC,o,Mch (2009 provocative concentration of methacholine; milligrams per milliliter), which is the concentration
of methacholine that doubled the baseline Penh value. E, Histological examination of the lung tissue. Magnification X100 («) and X200 (d) of lung tissue
from nonfed mice. Densc mononuclear cell infiltration was present in the peribronchial and perivascular areas of the tissue in the nonfed mice; the
infiltration consisted primarily of cosinophils and lymphocytes. Magnification X100 (b) and X200 (e) of lung tissue from low-dose OVA-fed mice.
Magnification X100 (¢} and X200 (f) of lung tissue from high-dose OVA-fed mice. Statistically significant data (*) are indicated.

e At .

cells (Fig. 4A). These results suggested that not only CD4™ cells DCs in the mouse spleen. Because the depletion of CD11c™ cells

but also APC were important for the active suppression in this
transler system of oral tolerance. Next, to determine the major
subset of APC required for the transfer of tolerance, CDllc*,
CDI19%, or CD11b* cells were removed and adoptively trans-
ferred into naive BALB/c mice. The suppression of bronchial eo-
sinophilia was blocked by the depletion of CD11c™ and CDI11b*
cells, and the depletion of CD1ic* cells increased the level of
allergic response. The depletion of CDI19™ cells did not affect the
ransfer of tolerance (Fig. 4B). CD1 ic is specifically expressed on

completely blocked the transfer of tolerance and CDI1lb is ex-
pressed on macrophages and myeloid DCs, it was suggested that
DCs, especially myeloid DCs, are important for active suppression
in this transfer system of tolerance.

To confirm that splenic CD1lc™ DCs in OVA-fed mice have a
regulatory function that can be transferred in this model, we pos-
itively selected CD4™ T cells or CD11c* DCs from the spleen of
OVA-fed mice using magnetic beads and adoptively transferred
them by i.v. injection into naive BALB/c mice just before the first
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FIGURE 2. Influence of the timing of oral OVA administration upon the suppression of experimental asthma. Mice were fed 30 mg of OVA only before
the first i.p. immunization (Pre-i.p.), between the first and the second i.p. immunization in some experiments (£; Intermediate-i.p.), or only after the second
i.p. immunization (Post-i.p.) every other day for a total of five feedings. The mice were immunized as described for Fig. 1. The control group was fed water
and was immunized with OVA in aluminum hydroxide (OVA/Non-fed) or saline (Saline/Non-fed). On day 21, airway hyperresponsiveness was measured.
After the measurement of airway hyperresponsiveness, BALF, blood samples, and the whole lung were obtained. The whole lung was removed for the study
of the gene expression of cytokines and chemokines. A, The percentage of eosinophils in BALF. B, The level of serum total IgE was assayed by ELISA.
C, Airway hyperresponsiveness was assessed by methacholine-induced airflow obstruction. Data are expressed as the mean PC.qoMch (milligrams per
milliliter). D, Gene expression of cytokine and chemokine in the whole lung. The total RNA was extracted from the whole lung and the gene expression
of IL-13, eotaxin, [FN-v, IL-10, and TGF-B were assessed by RT-PCR using specific primers. E, IL-13 in the BALF. Protein level of IL-13 in the BALF
of each group was assayed by ELISA. F, The percentage of eosinophils in BALF, the level of serum total IgE, and airway hyperresponsiveness of mice
that were fed 30 mg of OVA between the first and the second i.p. immunization (Intermediate-i.p.) were checked. The mice were immunized as described
for Fig. 1. Statistically significant data (+) are indicated. !

immunization with OVA in aluminum hydroxide. As shown in ferred CD11c¢* DCs or CD4™ T cells, compared with the control

Fig. SA, the percentage of eosinophils in the BALF of mice in-
jected with CD4™ or CD11c¢™ cells was significantly lower than
that in control mice, which shows that not onty CD4* T cells alone
but also CD11c* DCs alone were able to transfer the suppression
of eosinophilia. In this experiment, we also checked airway hy-
perreactivity, peribronchial inflammation, and mucus production
and the level of serum OVA-specific Ig. Airway hyperreactivity
measured by PC,,,Mch was also suppressed by the transfer of
DCs (Fig. 5B). Histological examination of the lung showed that
peribronchial and perivascular mononuclear cell infiltration and
mucus cell hyperplasia were clearly suppressed in the mouse trans-

mouse (Fig. 5D). The level of suppression by CD11c™ DCs was a
little lower than that by CD4* T cells. Although direct OVA feed-
ing significantly suppressed the serum total IgE level (Fig. 1B),
whole spleen cell transfer from OVA-fed mice did not reduce the
~ level of serum total IgE (data not shown). However, OV A-specific
IgE was suppressed by whole spleen cell transfer from OV A-fed
mice, and even CD4™" T cells or CD11c™ DCs alone were able to
suppress the production of OV A-specific IgE (Fig. 5C). To check
the OVA-specific Thl or Th2 response, we measured OVA-spe-
cific IgG] and 1gG2a. The transfer of CDL1c™ DCs from OVA-fed
mice blocked the production of OV A-specific IgG1, whereas the
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FIGURE 3. Prevention of experimental asthma by the transfer of whole
spleen cells of high-dose OVA-fed mice. Mice were fed 30 mg of OVA
every other day for a total of five feedings and were immunized as de-
scribed for Fig. 1 for OVA-fed (OV A/Fed) experiment. The control group
was fed water and immunized with OVA in aluminum hydroxide (OVA/
Non-fed) or saline (Saline/Non-fed). A total of 107 whole spleen cells of
OVA-fed mice were adoptively transferred by i.v. injection into naive
BALB/c mice just before the first immunization with OVA in aluminum
hydroxide (Fed/Transfer). The control mice were injected with whole
spleen cells of water-fed mice (Non-fed/Transfer). On day 21, BALF sam-
ples were obtained. A, The cell differentials in the BALF were identified by
morphologic criteria. B. Suppression of ongoing experimental asthma by
the transfer of whole splecn cells of high-dose OVA-fed mice. The mice
were fed 30 mg of OVA every other day for a total of five feedings and

were immunized as described for Fig. 1. The control mice were fed water _

and immunized with OVA in aluminum hydroxide (OVA/Non-fed) or sa-
line (Saline/Non-fed). A total of 107 whole spleen cells of OVA-fed mice
were adoptively transferred into BALB/c mice after the second immuni-
zation with OVA in aluminum hydroxide on day 11 (Fed/Transfer). The
control mice were injected with whole spleen cells of water-fed mice (Non-
fed/Transfer). BALF samples were assayed in a manner similar to that used
in A. Statistically significant data (*) are indicated.

level of 1gG2a was not changed significantly by the transfer (Fig.
5C). In contrast, whole spleen cells or CD4* T cells suppressed
both 1gG1 and IgG2a, although the suppression was not statisti-
cally significant. These results suggested that the mechanism of
suppression by the transfer of CD11c™ DCs was different from that
by the transfer of CD4™ cells.

Ag-loading in vivo is important for conferring a regulatory
Sfunction onto DCs

To examine whether Ag-loading by DCs in vivo is important for

the transfer of this inhibitory function, the effect of in vivo and in
vitro Ag-loading were compared. We prepared splenic DCs puri-
fied from OVA-fed and nonfed mice, and DCs from naive mice
pulsed with OVA in vitro. These three types of splenic DCs were
transferred into naive mice just before the first immunization with

SPLENIC DCs FOR ORAL TOLERANCE IN MURINE MODEL OF ASTHMA
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FIGURE 4. Effect of the depletion of specific subpopulations from whole
spleen cells upon the transfer of oral tolerance. Naive BALB/c mice were
immunized as described for Fig. 1. A total of 107 whole spleen cells of OVA-
fed mice that were fed OVA five times were adoptively transferred by i.v.
injection into naive BALB/c mice just before the first immunization with OVA
in aluminum hydroxide (Fed/Whole transfer). The control mice were injected
with whole spleen cells of water-fed mice (Non-fed/Whole transfer). The data
are expressed as the mean percentage of eosinophils in BALF on day 21. A,
CD4* or CD8™ cells, or APCs (CD11c*, CD19*, and CD11b*) were de-
pleted from transferred cells using magnetic beads. B. CD11c*, CD19™, or
CD11b* cells were depleted from transferred cells using magnetic beads. Sta-
tistically significant data (+) are indicated.

OVA in aluminum hydroxide. As shown in Fig. 6, the eosinophilia
of the mice injected with OV A-pulsed splenic DCs was worsened,
whereas that of the mice injected with splenic DCs from OV A-fed
mice was improved. This result indicates that Ag-loading in vivo
is very important in allowing DCs to have a regulatory function.

Discussion

We demonstrated in this study that the oral administration of Ag
successfully induced tolerance in the murine model of asthma. We
then evaluated whether the feeding protocol had an influence on
the induction of tolerance in this model. Moreover, the present
findings suggest the possibility that “tolerogenic DCs” induced by
Ag feeding play a major role in the active suppression of oral
tolerance.

First, we demonstrated that the oral administration of Ag prevented
not only bronchial eosinophilia but also airway hyperresponsiveness.
We then evaluated whether the feeding dose exerted an influence on
the induction of tolerance in this model. Feeding dose is critical for the
induction of oral tolerance (22) and it is very important in clinical
applications to estimate the most effective conditions for the induction
of oral rolerance. Recent studies of oral tolerance in an OVA-induced
asthma model have examnined only high-dose OVA administration
(9-12). In other disease models, the dose and the delivery route of the
Ag were found to exert effects on the induction of tolerance (23-25).
However, there have been few reports addressing whether feeding
dose affects the induction of oral tolerance in a murine model of
asthma (14). We showed in this study that both low- and high-dose
feeding prevented not only bronchial eosinophilia but also airway
hyperresponsiveness. Our data indicate that high-dose feeding is more
effective than low-dose feeding in this model (Fig. 1.
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