Antigen-specific T cell-mediated gene therapy

in collagen-induced arthritis
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Autoantigen-specific T cells have tissue-specific homing properties, suggesting that these cells may be
ideal vehicles for the local delivery of immunoregulatory molecules. We tested this hypothesis by using
type II collagen-specific (CII-specific) CD4* T hybridomas or primary CD4* T cells after gene transfer, as
vehicles to deliver an immunoregulatory protein for the treatment of collagen-induced arthritis (CIA), a
mouse model of rheumatoid arthritis (RA). CII-specific T cells or hybridomas were transduced using
retroviral vectors to constitutively express the IL-12 antagonist, IL-12 p40. Transfer of engineered CD4*
T cells after immunization significantly inhibited the development of CIA, while cells transduced with
vector control had no effect. The beneficial effect on CIA of IL-12 p40-transduced T cells required TCR
specificity against CII, since transfer of T cells specific for another antigen producing equivalent amounts
of IL-12 p40 had no effect. In vivo cell detection using bioluminescent labels and RT-PCR showed that
transferred CII-reactive T-cell hybridomas accumulated in inflamed joints in mice with CIA. These results
indicate that the local delivery of IL-12 p40 by T cells inhibited CIA by suppressing autoimmune respons-
es at the site of inflammation. Modifying antigen-specific T cells by retroviral transduction for local

expression of immunoregulatory proteins thus offers a promising strategy for treating RA.

J. Clin. Invest. 107:1293-1301 (2001).

Introduction

Rheumatoid arthritis (RA) is an autoimmune disease
characterized by chronic inflammatory synovitis and sub-
sequent progressive destruction of articular tissue. The
etiologic cause of RA has not been clearly delineated, but
cumulative evidence suggests that CD4* T cell-mediated
autoimmune responses play a critical role in the patho-
genesis of RA (1). IFN-y-producing Th1 cells appear to be
pivotal in the development of autoimmune arthritis in
both humans and animal models, whereas Th2 cells that
secrete IL-4 or IL-10 are protective (2). Thus, recent ther-
apeutic strategies have focused on modulating the
response of CD4" T cells. Depletion of CD4" T cells was
effective in treating a mouse model of RA, type II colla-
gen-induced (CII-induced) arthritis (3). Unfortunately,
the same treatment seemed less effective in RA (4).

To increase the specificity of therapies for RA, empha-
sis has shifted to targeting cytokines and their recep-
tors. Neutralization of proinflammatory cytokines by
mADb’s or soluble receptors can efficiently control RA,
revealing the potential of modulating the cytokine bal-
ance as a therapeutic strategy for controlling RA (5).
However, systemic administration of anti-inflamma-
tory cytokines or neutralizing mAb’s against proin-
flammatory cytokines is antigen nonspecific and often
results in systemic immune suppression.

The local delivery of “regulatory proteins” that
could modulate an autoimmune response would be a
desirable new approach to the treatment of RA.
Autoantigen-specific CD4" T cells can transfer organ-
specific autoimmune disease in mice, and CD4* T
cells can be found in target organs in both human and
mouse models of autoimmunity; thus, autoantigen-
specific CD4* T cells have tissue-specific homing
properties. These findings suggest that ClII-reactive
CD4' T cells, retrovirally transduced to express regu-
latory proteins, may be ideal candidates for the local
delivery of gene therapy. We and others have demon-
strated that expression of “immunoregulatory pro-
teins” by autoantigen-specific CD4* T cells could
ameliorate the clinical signs of experimental autoim-
mune encephalomyelitis (EAE) after adoptive transfer
(6, 7). These previous reports also provided indirect
evidence that homing to the site of inflammation was
necessary for the therapeutic effect.

Development of the Th1 subset during an immune
response is influenced by the cytokines present during
the initial phase of the immune response, where a bioac-
tive cytokine, IL-12, plays a major role. IL-12 is a het-
erodimeric protein composed of 35-kDa (p35) and 40-
kDa (p40) subunits; the latter is responsible for receptor
binding (8). It has been demonstrated that the expres-
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sion of p35 and p40 is differentially regulated and that
IL-12 p40 can be produced as a homodimer or a
monomer in the absence of p35 and act as an IL-12
antagonist in vitro and in vivo (9-11). It is thus possible
that the development of Thl-mediated autoimmune
arthritis might be inhibited by IL-12 p40 (12). In the
study described below, we demonstrate that the consti-
tutive delivery of IL-12 p40 by retroviral-transduced CII-
specific T lymphocytes ameliorated collagen-induced
arthritis (CIA). By using bioluminescence real-time
imaging (13-16), we demonstrated that antigen-specif-
ic therapeutic T cells migrated into and persisted in the
inflamed joints. These data support our hypothesis that
the therapeutic effect was the result of expression of the
regulatory protein in the inflamed joints, not in region-
al lymph nodes. These data further suggest that local
delivery of therapeutic proteins via antigen-specific T
cells will be a promising strategy for controlling RA
locally, at the site of inflammation.

Methods

Mice. Male DBA/1 Lac] (H-29) mice were purchased
from The Jackson Laboratory (Bar Harbor, Maine,
USA) and were used at 7-10 weeks of age. CII-specific
TCR transgenic (Tg) mice on the DBA/1 LacL back-
ground, were kindly provided by Warren C. Ladiges
(University of Washington, Seattle, Washington, USA;
see ref. 17). Myelin basic protein-specific (MBP-specif-
ic) TCR Tg mice have been described elsewhere (18).

Generation of T-cell hybridomas. Spleen cells from either
ClI-specific or MBP-specific TCR Tg mice were stimu-
lated with specific peptide antigens (40 pg/ml for CII
and 30 pg/ml for MBP). Forty-eight hours after stim-
ulation, CD4* T cells were purified by magnetic acti-
vated cell sorting using anti-CD4 MicroBeads (Mil-
tenyi Biotec, Bergisch Gladbach, Germany). These cells
(10°) were then fused with the BW5147 TCR-03-neg-
ative T-cell line (10°) using 40% polyethylene glycol.
Twenty-four hours after the fusion, the cells were
selected by sodium hypoxanthine, aminopterin, and
thymidine-containing media. CII- or MBP-specific
cells were further selected by staining with anti-Tg
TCR VB8.2 Ab by FACScan (Becton Dickinson
Immunocytometry Systems, San Jose, California,
USA), with purity above 98%.

Retrovirus construct, transfection, and infection. The
pGCIRES retroviral plasmid was constructed as
described previously (19). The gene for green fluores-
cent protein (GFP; ref. 20) was PCR-amplified using
Pfu-polymerase (Stratagene, La Jolla, California, USA)
and primers MB.GFPS”: 5’ actagctgacgeggecgcccATGGT-
GAGCAAGGGCGAGGAGCTGTTCA-3', with uppercase let-
ters corresponding to the GFP sequence; and
MB.GFP3": §'-ttcagagatcatgagctcggatccacctcecacctgatccaccge-
ctccggatccaccaccgecggccccCTTGTACAGCTCGTCCATGC-
CGTGAGT-3, the latter encoding for a poly-glycine-ser-
ine, [G4S]3, linker (21). The PCR product was cloned
into the vector pGL3 upstream of the modified firefly
luciferase gene (Promega Corp., Madison, Wisconsin,

USA). The resulting GFP-Luc fusion gene was then
inserted into the pGCIRES plasmid that was termed
pGC-GFP-Luc. A pGCy retroviral plasmid (6,700 bp)
was constructed as described (19), except a yellow flu-
orescent protein (YFP; CLONTECH Laboratories, Palo
Alro, California, USA) was used as the reporter protein
(22). Murine IL-12 p40 cDNA was obtained from Riken
Gene Bank (Tsukuba, Japan) with the approval of H.
Hamada (10). The IL-12 p40 fragment (1.0 kb) was
obtained and subcloned into pGCy (G.L. Costa et al.,
manuscript submitted for publication) and termed
pGCy-mIL-12 p40. Transfection of a producer line to
make viral supernatants and infection was performed
as described previously (19). At 48 hours after infection,
cells were analyzed for transduction and sorted by flow
cytometric analysis of either the GFP or YFP protein.
Primary CD4* T cells were purified and transduced
using the same protocols as described (19).

Immunofluorescence and flow cytometry. The cells were
first preincubated with anti-FcyR mAb (2.4G2;
PharMingen, San Diego, California, USA) to block
nonspecific binding of mAb to FcyR and then incu-
bated with phycoerythrin-conjugated and/or FITC-
conjugated mAb for 30 minutes at 4°C. The mAb’s
against CD4 (GK1.5) and TCR V8.2 (MRS-2) were
obtained from PharMingen. The stained cells were
analyzed on a FACScan (Becton Dickinson Immuno-
cytometry Systems). The FACS data were analyzed
using FlowJo (Tree Star Software, San Carlos, Cali-
fornia, USA).

Induction of CIA, treatment, and clinical assessment of
arthritis. CIA was induced as described previously (23).
Briefly, DBA/1 Lac] mice were immunized intrader-
mally at the tail base with 200 g of bovine CII (Uni-
versity of Utah, Salt Lake City, Utah, USA) in 0.05 M
acetic acid, emulsified with an equal volume of CFA
containing 100 pg of H37Ra Mycobacterium tuberculosis
(Difco Laboratories, Detroit, Michigan, USA). On day
21, the mice were boosted by intradermal injection with
200 ug of bovine CII emulsified with incomplete Fre-
und’s adjuvant (IFA) at the base of the tail.

Starting 1 day before the booster immunization (day
20), groups of DBA/1 Lac] mice received intradermal or
intravenous injection of 106 cells of pGCy-mIL-12
p40-transduced ClI-specific T-cell hybridomas or 5 X
106 cells of ClI-specific primary T cells. pGCy-trans-
duced CllI-specific T-cell hybridomas (CII-YFP) and
pGCy-mIL-12 p40-transduced MBP-specific T-cell
hybridomas were used as controls. For imaging experi-
ments, prearthritic mice (day 21) or mice that had
severe arthritis (day 35) were transferred with the same
number of ClI-specific T-cell hybridomas that were
transduced with the GFP-luciferase fusion gene with or
without the mIL-12 p40 gene. The clinical develop-
ment of CIA was scored by daily observation where the
inflammation of all four paws was graded from 0 to 4
as described (23). Each paw was graded, and the four
scores were totaled so that the maximal possible score
per mouse was 16.
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T-cell stimulation assay. Draining lymph node (DLN)
cells were isolated from three to four mice in each group
at either 3 or 7 days after the booster immunization.
DLN cells (5 x 10%) were stimulated with bovine CII, and
proliferative responses were determined as described
(23). For assessment of cytokine production, culture
supernatants were collected after 48 hours and stored
at -80°C until the ELISA assay was performed.

ELISA for serum anti-CII Ab’s and quantification of
cytokines. Sera from each group of mice was individual-
ly collected at 7 days after booster immunization. CII-
specific IgG1 and IgG2a were determined as described
previously (23). Cell-free culture supernatants were
assayed for IL-4, IL-10, IFN-y, and IL-12 p40 concen-
tration by using specific ELISAs according to the pro-
tocol recommended by the manufacturer. All anticy-
tokine mAb’s and cytokine standards were obtained
from PharMingen (10, 23).

Imaging of T-cell trafficking. Before imaging, mice were
anesthetized with Avertin (250 mg/kg; Sigma-Aldrich,
Milwaukee, Wisconsin, USA). An aqueous solution of
the substrate luciferin (126 mg/kg; Xenogen Corp.,
Alameda, California, USA) was injected into the peri-
toneal cavity 5 minutes before imaging. The animals
were then placed in the light-tight chamber of a low-
light imaging system equipped with a cooled charge
coupled device (CCD) camera and a Navitar £ 0.95 lens
(IVIS; Xenogen Corp.). Then a gray-scale body-surface
reference image was collected under weak illumination.
Photons emitted from luciferase within the animal and
then transmitted through the tissue were collected
using the IVIS system with 5S-minute integration times.
A pseudocolor image representing light intensity (blue
is least intense and red is most intense) was generated
using Livinglmage Software (Xenogen Corp.) as an over-
lay on the IGOR image analysis package (WaveMetrics,
Lake Oswego, Oregon, USA). Gray-scale reference
images and pseudocolor images were superimposed by
the Livinglmage software, and annotations were added.

RT-PCR. Total RNA was isolated from either DLN
cells or cells from collagenase-digested ankle joints
using RNeasy Mini Kit (QIAGEN Inc., Valencia, Cali-
fornia, USA). First-strand cDNA was synthesized using
oligo-dT primers and SuperScript reverse transcriptase
(Life Technologies Inc., Rockville, Maryland, USA)
from 5 ug of each RNA sample. For PCR, cDNA prod-
ucts were amplified in a reaction mixture containing 2
UM each of 5" and 3’ primers (sense 5-TCGCCACCATG-
GTGAGCAAGGGCG-3’ and antisense 5-TCCTCCGGAT-
CATTACTTGTACAGCTCGTCCAT-3’ for YFP, and sense
5’-GTGGGCCGCTCTAGGCACCA-3 and antisense 5'-
CGGTTGGCCTTAGGGTTCAGGGGGG-3’ for B-actin;
Operon Technologies Inc., Alameda, California, USA),
225 uM each dNTP, 1 U of Taq DNA polymerase
(Promega Corp.), and 1x PCR buffer. PCR was per-
formed on a PTC-100 thermal controller (M] Research
Inc., Waltham, Massachusetts, USA) for 40 cycles
(95°C for 1 minute, 62°C for 90 seconds, and 72°C for
1 minute) followed by a 5-minute extension at 72°C.

The PCR products were electrophoresed in 1.5%
agarose gel and visualized by ultraviolet light.
Statistical analysis. Mann Whitney’s rank sum test was
performed to determine the statistical significance. A P
value less than 0.05 was considered to be significant.

Results
Characterization of T-cell hybridomas. We generated several
ClI-specific CD4* T-cell hybridomas from ClI-specific
TCR Tg mice to use in attempts to deliver immunoreg-
ulatory molecules locally. This Tg TCR recognized CII in
an MHC-restricted, antigen-specific manner (ref. 17 and
our unpublished data). We used three different lines in
this study (termed A1, A2, and B6) that displayed difter-
ent profiles of endogenous cytokine expression (Figure
1a). However, each of these T-cell lines expressed high
levels of CD4 and Tg TCR VB8.2 chain as determined by
FACS analysis (Figure 1b). To generate regulatory pro-
tein expressing CD4* T cells, CII-specific CD4" T-cell
hybridomas from all three lines were transduced with
the pGCy-mlIL-12 p40 retroviral vector. Greater than
80% of the ClI-specific CD4" T-cell hybridomas were
transduced and expressed the mIL-12 p40 gene (Figure
1c). We have demonstrated previously a direct correla-
tion between expression of the fluorescent reporter gene
and the gene upstream of the IRES sequence in these vec-
tors (19), which allows control of the production of IL-
12 p40 by the expression level of the reporter, YFP. YFP-
positive cells were sorted and termed A1p40, A2p40, and
B6p40, corresponding to the Al, A2, and B6 parental
lines. Significant levels of IL-12 p40 were detected in the
YFP-positive but not in the pGCy vector-transduced
cells (CII-YFP) or the parental cells (Figure 1d). Bioactive
IL-12 was not detected in any cells, and production of IL-
12 p40 was confirmed using Western blot analysis (data
not shown). No significant differences in the growth
rates in vitro nor alteration of cytokine profiles was
observed following transduction (data not shown).
Transfer of mIL-12 p40—transduced T-cell hybridomas pre-
vents the development of CIA. To examine if local delivery
of an immunoregulatory protein is sufficient to sup-
press autoimmune arthritis, ClI-specific T-cell
hybridomas, either transduced with a retrovirus encod-
ing the murine IL-12 p40 subunit and the marker pro-
tein YFP, or only the marker protein, were transferred
into CII-immunized mice. In the first set of experi-
ments, groups of mice received injections intraperi-
toneally with cells from one of the CII-specific T-cell
hybridomas (A1) that either expressed YFP or YFP and
IL-12 p40. These cells were administered at day 20 after
primary immunization, 1 day before the booster
immunization. As shown by data presented in Figure
2a, the mice given control vector-transduced cells (CII-
YFP) developed severe arthritis, as did the untreated
mice. In contrast, the transfer of IL-12 p40-producing
cells (A1p40) efficiently inhibited the development of
CIA (Figure 2a and Table 1). Injection either intraperi-
toneally or intravenously with Cll-specific IL-12
p40-producing T cells inhibited CIA development
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Characterization of Cll-specific CD4* T-cell hybridomas. (a) Cytokine production from Cll-specific CD4* T-cell hybridomas. Three different
Cll-specific CD4* T-cell hybridomas were (or were not) stimulated with immobilized anti-CD3 mAb (5 ug/ml). Forty-eight hours later, cell-
free supernatants were collected and assayed for IFN-y, IL-4, and IL-10 levels using ELISA. Data are shown as the mean value from triplicate
wells. (b) Expression of CD4 and TCR V8.2 on hybridoma cells. T-cell hybridomas were stained with FITC-conjugated anti-TCR V8.2 mAb
and phycoerythrin-conjugated (PE-conjugated) anti-CD4 mAb. Immunofluorescent staining was analyzed by using two-color flow cytometry.
Data are displayed as contour plots (four-decade scale), and quadrant markers were positioned to include greater than 98% of control
IgG-stained cells in the lower left, as shown. A FACS profile of A1 cells is shown, and similar data were obtained from the other two hybrido-
mas. (c) Transduction of the mIL-12 p40 gene into hybridoma cells. Cll-specific CD4* T-cell hybridomas (A1 cells) were transduced with the
pGCy-mlL-12 p40 retroviral vector as described in Methods. At 48 hours after infection, the cells were analyzed for transduction efficiency by
flow-cytometric analysis of YFP protein. Similar transduction efficiency was obtained with the other two hybridomas. The percentage repre-
sents transduction efficiency and the boxed region (bold outlines) represents the sorted population. (d) Production of IL-12 p40. Supernatants
were collected after culturing the cells (105/ml) for 24 hours, after which the IL-12 p40 concentration was measured using ELISA. Data rep-

resent the mean of triplicate wells. ND, not detected.
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(data not shown). In another set of experiments, CII-
immunized mice were treated with transduced
hybridomas (B6p40 and A2p40) that produced IL-12
p40 and either IL-4 or IFN-Y. Regardless of the level of
endogenous cytokine production, transfer of vector-
transduced B6 or A2 cells did not significantly exacer-
bate or ameliorate arthritis, and transfer of either
B6p40 or A2p40 inhibited the development of CIAina
manner similar to that seen with A1p40 (Table 1).
These results indicated that transfer of T cells trans-
duced to express the IL-12 p40 gene was sufficient to
prevent the development of CIA.

To examine whether TCR specificity was required for
the amelioration of CIA, we transferred either disease-
relevant ClI-specific or disease-irrelevant MBP-specific
CD4* T-cell hybridomas (IL-12 p40-transduced MBP-
reactive T-cell hybridomas that had been shown to
inhibit the induction of EAE; G.L. Costa et al., manu-

script submitted for publication) that made similar
amounts of IL-12 p40 (4.2 pg/ml/1000 cells for CII-spe-
cific cells and 3.9 pg/ml/1,000 cells for MBP-specific
cells) into CII-immunized mice. As shown by data pre-
sented in Figure 2b, transfer of MBP-specific IL-12
p40-transduced T cells had no effect on the clinical
course of CIA despite their demonstrable therapeutic
effect in EAE (G.L. Costa et al., manuscript submitted
for publication). This result suggested that the benefi-
cial effect on CIA of IL-12 p40-transduced T cells
required TCR specificity against CIL

Injection of mIL-12 p40—transduced T-cell hybridomas did
not inhibit T-cell proliferation or systemic Ab production, but
modulated cytokine balance in DLN. To determine if IL-12
p40 gene therapy might affect T-cell and B-cell respons-
es, lymphocytes were isolated from the DLNs of A1p40-
transferred CII-immunized mice or control mice 7 days
after the second immunization and restimulated with
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Figure 2

Adoptive transfer of mIL-12 p40-transduced Cll-specific CD4+ T-cell hybridomas prevents the development of CIA. DBA/1 La¢/ mice were
immunized with bovine CII (200 ug/mouse) in CFA. On day 21, the mice were boosted by intradermal injection with Cll in IFA. Starting 1 day
before the booster injection, the mice were given either pGCy-mlL-12 p40- or pGCy-transduced CllI-specific CD4+ T-cell hybridomas (106/mice)
intraperitoneally. Untreated Cll-immunized DBA/1 Lac/ mice were used as controls. The development of CIA was evaluated as described in
Methods. Data are shown as the mean + SEM of clinical scores at the indicated time points after the boosterimmunization. (b) Amelioration
of CIA by mIL-12 p40 gene therapy requires TCR specificity. DBA/1 Lacg/ mice (n = 7 for each group) were immunized, and the development of
CIA was evaluated as in a. These mice received either Cll-specific or MBP-specific mIL-12 p40-transduced CD4+ T-cell hybridomas (10¢/mouse)

intraperitoneally 1 day before the booster immunization. Similar results were obtained from two other experiments.

CII in vitro. As shown by data presented in Figure 3a,
DLN cells from the mice treated with A1p40 prolifer-
ated in response to antigen as well as those from the
control mice. Next, we measured CII-specific IgG1 and
IgG2a Ab’s in the serum of treated mice 7 days after the
second immunization. The treatment with IL-12
p40-transduced T cells had no significant effect on the
serum levels of anti-CII IgG1 or IgG2a Ab’s (Figure 3b).
These results suggested that treatment with IL-12
p40-transduced T cells did not affect the antigen-spe-
cific T-cell activation or systemic Ab responses.

Since this treatment might affect the balance of
cytokine production, we examined cytokine produc-
tion in the DLN lymphocytes of mice treated with var-
ious transduced T cells. DLN cells from the CII-immu-
nized mice treated with either A1p40 or MBP-p40 were
restimulated with CII in vitro, and IFN-y and IL-4 lev-

Table 1
Incidence and severity of collagen-induced arthritis in mice treated with mlL-12 p40-transduced Cll-reactive CD4* T-cell hybridomas

els in the culture supernatants were measured using
ELISA. Interestingly, transfer of MBP-p40 cells, which
had no disease-ameliorating effects in CIA (Figure 2b),
modulated cytokine production as efficiently as did
A1p40: CII-specific IFN-y production was suppressed
in mice treated with A1p40 or MBP-p40, while IL-4
production was augmented (Figure 3c). Therefore, IL-
12 p40 produced by either antigen-specific or antigen-
nonspecific T cells suppressed Thl-type immune
responses and augmented Th2 responses in the DLN.
Since the transfer of MBP-p40 cells did not affect the
clinical signs of CIA (Figure 2b), these results indicat-
ed that the modulation of cytokine production in the
draining lymph node did not play a major role in ame-
lioration of CIA by the ClI-specific IL-12 p40 gene ther-
apy. These results suggested that the transfer of CII-
specific IL-12 p40-producing T-cell hybridomas

Cell Transduced gene Production of IL-12 p404 Incidence Day of onset® Maximal (sick mice)
(pg/ml/1,000 cells) clinical score®
) ) 0 5/5 6.0+ 1.0 8.8+1.6
Al pGCy 0 10/10 6.3+1.1 9.1+£1.2
pGCymIL-12 p40 4.2 5/10 8.2£19 2.841.6° (6.2£2.9)
A2 pGCy 0 12/12 6.7+1.6 8.2+1.0
pGCymiL-12 p40 3.9 6/13 6.7+1.2 3.7+1.7¢ (7.3 £2.9)
B6 pGCy 0 7/8 7.6+1.4 73112 (8.3£0.7)
pGCmIL-12 p40 4.5 2/8 8.0+£9.9 1.9+1.98 (8.0+7.0)

Data shown are the mean maximal clinical scores + SEM for all mice in each group. Maximal clinical scores + SEM for the mice with arthritis are indicated in
parentheses. ASupernatants were collected after culturing the cells (10%/ml) for 24 hours, and the amount of IL-12 p40 was measured using ELISA. Data rep-
resent the mean values from triplicate wells. BMice were immunized with bovine Cll in CFA. One day before the booster immunization, mice received miL-12
p40-transduced CD4* T-cell hybridomas as described in Methods. The clinical signs of arthritis were evaluated daily from the day of booster immunization.
Data shown are the mean day of onset + SEM for arthritic mice only. “The maximal clinical score of arthritis was assessed as described in Methods. PP < 0.01
and EP < 0.05 as compared with the group of mice treated with pGCy-transduced control CD4* T-cell hybridomas.
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Figure 3

T-cell and B-cell responses in mice treated with mIL-12 p40-transduced T-cell hybridomas. (a) DBA/1 Lag/ mice were immunized with Cl|
and treated as described in Figure 2. DLN (inguinal and popliteal) cells were isolated 7 days after the booster immunization and cultured in
the presence of indicated amount of ClI for 96 hours. Cultures were pulsed with [3H]-thymidine for the last 16 hours. Data are shown as the
mean nuclide incorporation + SEM of triplicate cultures and are representative of three separate experiments with similar results. (b) Sera
from individual mice were collected 7 days after the booster immunization. Cll-specific Ab levels were measured by subclass-specific ELISA.
Data are representative of at least seven mice in each group. Similar results were obtained in two other experiments. (c) DLN cells were pre-
pared from the mice treated with YFP mIL-12 p40 gene-transduced Cll-specific or MBP-specific CD4" T-cell hybridomas 4 days after the
booster immunization and cultured in the presence or absence of Cll (40 pg/ml) for 48 hours. Culture supernatants were assayed for cytokine
levels of IFN-v (left) and IL-4 (right). Data are shown as the mean cytokine level + SEM of triplicate cultures. Similar results were obtained in
three independent experiments. AP < 0.05 and BP < 0.01 as compared with the control group.
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preferentially inhibited inflammation locally in the
joints, raising the possibility that a key feature was the
homing of the transduced cells to the inflamed tissue.

Antigen-specific T-cell hybridomas accumulate in the site of
inflammation. To examine directly whether ClII-specific T-
cell hybridomas home to the site of inflammation, we
transduced ClI-specific T-cell hybridomas with a gene
encoding a GFP-luciferase fusion protein, CII-GFP-Luc,
and tested the patterns of cell trafficking using whole-
body bioluminescence imaging of the labeled cells in liv-
ing animals (13-16). This technique has been used to
monitor tumor-cell growth in vivo; it has demonstrated
excellent sensitivity (15, 16) and should allow visualiza-
tion of the trafficking of antigen-specific CD4" T cells in
vivo. Initially, we injected CII-GFP-Luc (derived from the
Al cell line) into mice that had severe arthritis and fol-
lowed the mice with serial images for 2 weeks. Three days
after the cell transfer, photons emitted from the cells were
detected in arthritic joints from all mice tested (Figure
4a). Interestingly, GFP-Luc-transduced MBP-specific T-
cell hybridomas (MBP-GFP-Luc) initially homed to
inflamed joints as efficiently as the CII-GFP-Luc cells
(Figure 4b). However, accumulation of CII-GFP-Luc cells
into normal, noninflamed joints was not observed in
naive mice (# = 6), suggesting that the MBP-GFP-Luc cells
homed nonspecifically to the inflammation (Figure 4c).
The trafficking of MBP-GFP-Luc cells to the inflamed
joints was transient, whereas the CII-GFP-Luc cells were
detected in the arthritic joints for more than 7 days after

the injection (Figure 4, d and e). The other CII-reactive IL-
12 p40-producing T-cell hybridomas, A2 and B6, migrat-
ed into and remained in the inflamed joints in a manner
similar to the Al cells (data not shown). Asymptomatic
immunized mice were then given CII-specific or MBP-
specific mIL-12 p40 and GFP-Luc double-transduced T-
cell hybridomas (termed CII-p40-Luc or MBP-p40-Luc).
Again, the CII-p40-Luc cells preferentially and rapidly
homed to joints (five of six mice) that were not overtly
inflamed and to DLN (six of six mice) within 3 days and
remained for more than 7 days, whereas MBP-p40-Luc
cells preferentially accumulated in the DLN and liver 7
days after the injection, but not in the noninflamed joints
(Figure 4, f and g). These results indicate that both CII-
and MBP-specific transduced T cells efficiently trafficked
into the inflamed joints, but that TCR specificity seemed
to be required for detection in preinflamed joints and,
ultimately, for effective therapy in the inflamed joints.
Taken together, these data suggest that CII-specific IL-12
p40-producing hybridomas inhibited CIA inflammation
locally by homing to and remaining in the inflamed
joints. We performed RT-PCR analyses, which confirmed
the imaging data: we detected the YFP gene by RT-PCR in
DLN and joints from ClI-immunized mice treated with
CII-YFP or A1p40 within 4 days after the cell transfer, but
not in nontreated mice (Figure 4h).

CIA treatment using ClI-specific IL-12 p40—transduced pri-
mary CD4* T cells. We demonstrated that the transfer of
IL-12 p40-transduced CD4* T-cell hybridomas effective-
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ly inhibited the development of CIA. However, the use of
CD4"* T-cell hybridomas may be impractical in human tri-
als. We therefore tested whether ClI-specific IL-12
p40-transduced primary CD4* T cells without tumori-
genic potential had the same therapeutic effects as IL-12
p40-expressing hybridoma cells. Nontransformed CD4*
T cells were isolated from ClI-specific TCR Tg mice, acti-
vated with CII and transduced to express the IL-12 p40
gene. More than 40% of the primary CD4" T cells were
transduced (data not shown) and sorted by FACS. As
shown by data presented in Figure S, transfer of the CII-
specific IL-12 p40-producing primary CD4* T cells ame-
liorated CIA clinical signs. These data indicate that the
delivery of IL-12 p40 by retrovirus-transduced primary T
cells can eftectively prevent the development of CIA.

Discussion

There has been an increased understanding of the phe-
nomenon of immune dysregulation in several autoim-
mune diseases during the past several years, and it is

now possible to treat several autoimmune diseases
based on this knowledge. An example is the dramatic
clinical benefit of blocking TNF in human RA (24, 25).
However, most current therapeutic strategies for treat-
ment of autoimmune disease (including TNF blockade)
include potent and nonspecific immune suppression
that may result in systemic toxicity and increased risk
for infections and malignancies. Thus, local gene ther-
apy using adoptive transfer of transduced antigen-spe-
cific CD4* T cells expressing regulatory proteins may
serve as a better long-term option for treating autoim-
mune diseases (26, 27). Furthermore, localized delivery
of a preselected amount of a regulatory protein to a spe-
cific site should ensure maximum therapeutic effect in
the area of inflammation while minimizing the expo-
sure of nontargeted organs to the gene products and
markedly reducing the risk of undesirable systemic side
effects. In the present study, it was demonstrated that
local delivery of an immunoregulatory protein (IL-12
p40) in the CIA model could be achieved using antigen-
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Figure 4

Trafficking capacity of Cll-specific CD4" T-cell hybridomas. Cll-immunized DBA/1 La¢/ mice with severe arthritis (a-e) or without arthritis
(prearthritic; fand g) received either Cll-specific (a, ¢, and d) or MBP-specific (b and e) CD4* T-cell hybridomas expressing a GFP-luciferase
reporter gene (10%/mouse) intravenously. pGC-Luc and pGCy-mlL-12 p40 double-transduced Cll-specific (f) or MBP-specific (g) T-cell
hybridomas were also administrated. Unimmunized naive mice were used as a control (c). The images were obtained on day 3 (a-c and f),
onday 5 (d and e), and on day 7 (g). Images are representative of at least six mice in each group. The color scale represents luminescent sig-
nal intensity, with blue indicating the least intense and red the most intense light originating from the transduced cells in the animals. (h)
Total RNA was isolated from either DLN cells or cells from ankle joints of untreated Cll-immunized mice (lane 1 and 2), Cll-immunized mice
treated with pGCy-transduced CllI-reactive T-cell hybridomas (lane 3 and 4), or pGCy-mlL-12-transduced ClI-reactive T-cell hybridomas
(lane 5-8). mRNA from pGCy-transduced Cll-specific T-cell hybridomas was used as positive control (lane 9). RT-PCR was performed as
described in Methods. PP, prearthritic paw; IP, inflamed paw; LN, lymph node; Li, liver; IS, injection site.
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specific T cells as a gene-delivery vehicle. Amelioration
of CIA by ClI-specific IL-12 p40-transduced CD4* T
cells was due to local delivery and retention of IL-12 p40
expression in the inflamed joint. This was demonstrat-
ed by the following: First, antigen recognition was
required by the transduced T cells to ameliorate CIA,
since MBP-specific IL-12 p40-expressing T cells that
produced amounts of IL-12 p40 equivalent to CII-spe-
cific IL-12 p40-expressing T cells and had proven effi-
cacy in EAE (G.L. Costa et al., manuscript submitted for
publication) had no therapeutic effect in this model of
CIA despite transient migration to and localization in
the inflamed paws. The possibility that MBP-specific IL-
12 p40-transduced T cells were not therapeutic due to
their B10.PL (H-2Y) origin is unlikely, because both T-
cell hybridomas had allogeneic properties similar to the
host derived from the BW5147 cell-fusion partner. Fur-
thermore, both MBP-specific and ClIlI-specific T cells
could be detected at least 2 weeks after transfer by bio-
luminescence real-time imaging (data not shown).
These data strongly suggest that ClI-specific IL-12
p40-expressing T cells have a site-specific effect medi-
ated not only by homing to, but retention in, the site of
inflammation. Second, we demonstrated that CII-spe-
cific CD4* T cells preferentially accumulated in the
joints by bioluminescence real-time imaging (Figure 4).
RT-PCR analysis confirmed the imaging data (Figure
4h). Interestingly, MBP-specific T cells were also found
to migrate into the inflamed joints, but this phenome-
non was transient. It is probable that antigen nonspe-
cific T cells migrate nonspecifically into the site of
inflammation because of chemokines and adhesion
molecules expressed at the site of inflammation. This
“nonspecific” migration was transient, the MBP-specif-
ic T cells were not retained in the inflamed joints, and
no therapeutic benefit was observed. The fact that MBP-
specific T-cell hybridomas did not migrate into the
prearthritic joints supports our hypothesis. Taken
together, these results strongly suggest that T cell-medi-
ated adoptive gene therapy is site and antigen specific
due to local delivery and retention.

Additional support for the therapeutic benefit being
derived from the local effects of this form of adoptive
gene therapy is that transfer of either CII-specific or
MBP-specific IL-12 p40-transduced T cells did not
inhibit T-cell proliferation, and both transiently sup-
pressed Thl-type cytokine production and augmented
Th2-type cytokine production in the DLN cells.
Despite these similarities, only CII-reactive T cells were
therapeutic in CIA. Thus, development of CIA seemed
to be inhibited by local suppression of Thl-type
autoimmune responses in the joint.

The concept of local production of IL-12 p40 inhibit-
ing CIA is supported by several reports that CIA is inhib-
ited by systemic administration of anti-IL-12 mAb or
IL-12 p40 (28, 29). From these published studies, how-
ever, it was not clear whether anti-IL-12 mAb or IL-12
p40 inhibited inflammatory responses locally, in the
joints, or systemically. Because the transfer of MBP-spe-

cific IL-12 p40-producing T-cell hybridomas modulat-
ed cytokine production in DLN when examined 4 days
after the cell transfer, but did not suppress CIA devel-
opment, modulation of cytokine production in DLN
did not correlate with the therapeutic effects. In con-
trast, ClI-specific IL-12 p40 producing T cells homed to
and remained in the joints, which correlated with sup-
pressed joint inflammation. Modulation of cytokine
production was IL-12 p40 specific, since transfer of
pGCy-transduced ClI-specific T-cell hybridomas did
not affect cytokine production compared with untreat-
ed CII-immunized mice (data not shown). Therefore,
both ClII-specific and MBP-specific T-cell hybridomas
migrated nonspecifically to DLN and modulated
cytokine production in the DLN of the immunized
mice. To exclude the possibility that allogenicity of the
ClI-specific IL-12 p40-producing T-cell hybridomas
affected immune response leading to amelioration of
CIA, we also used syngeneic ClII-specific IL-12 p40-pro-
ducing primary T cells from ClI-specific TCR Tg DBA/1
mice. As shown by data presented in Figure 5, transfer
of these transduced primary cells also efficiently sup-
pressed the development of CIA. Taken together, anti-
gen recognition by CII-specific TCR is necessary for the
selective retention of T cells in the inflamed joints, and
expression of IL-12 p40 is necessary for the suppression
of joint inflammation, and both are required for the
local gene therapy. Consistent with this observation are
recent reports suggesting that synovial cells from RA
patients produce IL-12 and other proinflammatory
cytokines in response to CD40 ligation (30). IL-12 has
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Figure 5

The development of CIA is inhibited by the transfer of Cll-spe-
cific IL-12 p40-transduced primary CD4* T cells. DBA/1 Lac/
mice (n = 10 for each group) were immunized as in Figure 2.
These mice received YFP with or without IL-12 p40-transduced
Cll-specific primary CD4* T cells (5 x 106 cells/mice) intra-
venously 1 day before the booster immunization. The develop-
ment of CIA was evaluated as described in Figure 2. Data are
shown as the mean + SEM of clinical scores at the indicated
time points after the booster immunization.
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been shown to induce IFN-y production and control the
production of other proinflammatory cytokines (8).
Thus, local production of IL-12 p40 by these transduced
T cells likely suppressed joint inflammation locally by
inhibiting the effect of bioactive IL-12.

In most autoimmune diseases, T cells play a critical
role in the disease pathogenesis. The ability to transduce
CD4* T cells using retroviruses that carry genes encod-
ing therapeutic proteins has lead to the possibility of
using the homing of antigen-specific cells to deliver the
immunomodulatory cytokines locally (19). We demon-
strated evidence for trafficking and retention of
autoantigen-specific CD4* T cells in sites of autoim-
mune inflammation. Previous barriers of retroviral
transduction for the application of gene therapy have
included low proviral integration frequency in immune
cells, proviral promoter shutdown, and inadequate iso-
lation and expansion of transduced cells. In fact, only
3-5% transduction efficiency was obtained in previous
studies using retrovirus-mediated TGF-f or IL-10 gene
transduction into T cells (31, 32). However, as we have
reported, the system used in these studies has resulted
in high transduction efficiency that has made retrovi-
ral-mediated adoptive T cell-mediated gene therapy eas-
ier in murine models of autoimmune disease (19).
Adoptive T cell-mediated gene therapy may have great
advantages over other gene delivery tools for treating
autoimmunity because autoantigen reactive T cells can
target the inflamed autoantigen-expressing tissues.

In conclusion, we demonstrated directly that
autoantigen-specific CD4* T cells trafficked into
inflamed autoantigen-expressing tissues. Using retro-
viral-transduced CD4* T cells as a vehicle for delivery
of IL-12 p40, we demonstrated that autoimmune
arthritis could be efficiently controlled by CII-reactive
T cells transduced to express IL-12 p40 without sys-
temic immune suppression. Therefore, targeting anti-
gen-specific T cells by retroviral transduction is a
promising strategy for controlling autoimmune dis-
ease at the site of inflammation.
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