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Redirection of T Cell Effector Function In Vivo and Enhanced
Collagen-Induced Arthritis Mediated by an IL-2R B/IL-4R «
Chimeric Cytokine Receptor Transgené

Ying Chen,* Ed Rosloniec! Mehmet I. Goral,* Mark Boothby, ® and Jin Chen?*

Chronic inflammatory autoimmune diseases such as diabetes, experimental autoimmune encephalomyelitis, and collagen-induced
arthritis (CIA) are associated with type 1 (Thl, Tcl) T cell-dependent responses against autoantigens. Immune deviation toward
type 2 (Th2, Tc2) response has been proposed as a potential means of gene therapy or immunomodulation to treat autoimmune
diseases based on evidence that type 2 cytokines can prevent or alleviate these conditions. In this report we assessed the effects of
elevated type 2 responses on CIA using transgenic mice expressing an IL-BR.-4R « chimeric cytokine receptor transgene
specifically in T cells. In response to IL-2 binding, this chimeric receptor transduces IL-4-specific signals and dramatically
enhances type 2 responses. In contrast to published reports of Th2-mediated protection, CIA was exacerbated in IL2R-4R «
chimeric receptor transgenic mice, with increased disease incidence, severity, and earlier disease onset. The aggravated disease in
transgenic mice was associated with an increase in type 2 cytokines (IL-4, IL-5, IL-10) and an increase in collagen-specific IgG1
levels. However, IFN+y production is not affected significantly in the induction phase of the disease. There is also an extensive
eosinophilic infiltration in the arthritic joints of the transgenic animal, suggesting a direct contribution of type 2 response to joint
inflammation. Taken together, our findings provide novel evidence that enhancement of a polyclonal type 2 response in immu-
nocompetent hosts may exacerbate an autoimmune disease such as CIA, rather than serving a protective role. This finding raises
significant caution with regard to the potential use of therapeutic approaches based on immune deviation toward type 2
responses. The Journal of Immunology,2001, 166: 4163—4169.

MMM WO} PaPE0|UMOQ

ical immune responses, including infections and allergicis not completely understood, because both humoral and cell-me-=:

and autoimmune disorders. According to the pattern ofdiated immune mechanisms are required for the development of
cytokine production, effector T cells can be classified into func-full-blown disease. Mauri et al. reported that a type 1 cytokine
tionally distinct subsets that include type 1 (Th1 and Tc1) and typeprofile predominates in the induction and acute phases of the dis-&
2 (Th2 and Tc2) cells (1, 2). Type 1 cells produce IFNFNF-3, ease, while type 2 responses are associated with the remissior
IL-2, and low levels of IL-10, whereas type 2 cells produce IL-4, phase of disease (5). However, there is a transient increase in IL-1dg
IL-5, IL-13, and high levels of IL-10. Type 1 cells are critical for during the induction phase of the disease. Doncarli et al. analyzeda
cell-mediated immunity and inflammatory responses such as diathe frequency of Thil- or Th2-like type Il collagen (Cll)-specific T
betes and experimental autoimmune encephalomyelitis (BAE). cell clones (6) isolated from different stages of CIA. Among lines
contrast, type 2 cells mediate humoral and mucosal immunity andenerated 8 days after immunization, 60% were ThO-like, 25% =
allergy, including the activation of eosinophils and mast cells andvere Thi-like, and 15% were Th2-like compared with 33% ThO-
the production of IgE. Collagen-induced arthritis (CIA) is an an- like, 11% Th1, and 56% Th2 by day 25 after immunization before
imal model of autoimmune disease that has been extensively usetinical arthritis. Although these data are consistent with a patho-
to elucidate pathogenic mechanisms relevant to human rheumatogknic role of Thi cells in CIA, they do not explain the role or

potential contribution of Th2 cells and related cytokines to the

*Division of Rheumatology, Departments of Medicine, Cell Biologiyathology, and development of CIA. .
SMicrobiology and Immunology, Vanderbilt University Medical School, Nashville, ~ Altering the balance of cytokines produced by effector subsets
TN 37232; andpepartment of Internal Medicine, University of Tennessee, and The of T cells has been under investigation as a therapeutic approach to
ggfgjrch Service of the Veterans Administration Medical Center, Memphis, TNaIter the outcome of arthritis. For example, the administration of
Received for publication October 4, 2000. Accepted for publication January 16, 2001.b0th IL-4 and IL-10 FO_ arthritic animals amellorates arthl’ltIS,.
o o ) whereas IL-10-neutralizing Abs accelerate disease onset and in-
The costs of publication of this article were defrayed in part by the payment of page . . L
charges. This article must therefore be hereby maddertisemenin accordance ~ Cr€ase disease severity (7-9). In contrast, the incidence and sever-
with 18 U.S.C. Section 1734 solely to indicate this fact. ity of arthritis are decreased in IL-12 and IFN regulatory factor-
1 This work was supported by National Institutes of Health Grant RO1HD36400 (to 1-deficient mutant mice (10, 11). Although these data support CIA

J.C.), an American Heart Association grant (to J.C.), grants from Boehringer In-35 g type 1 disease, this straightforward model is complicated by
gelheim Pharmaceutical (separately to J.C. and M.B.), National Institutes of Healt

Grants RO1GM42550 and RO1HL61752 (to M.B.), the core facilities of the Vander-%e contradictory roles of IFN-and IL-12: disease promoting as
bilt Ingram Cancer Center, the Diabetes Research and Training Center, and the Higvell as disease limiting (12-17). Some of these differences may
topathology Laboratory. arise because the experimental and genetic manipulations used
2 Address correspondence and reprint requests to Dr. Jin Chen, A-4323, Medic%&,pica”y have affected APCs costimulatory function. and nonhe-
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Center North, Vanderbilt University Medical School, Nashville, TN 37232. E-mai L . L
address: jin.chen@memail.vanderbilt.edu mopoietic cells in addition to the T cell compartment.

3 Abbreviations used in this paper: EAE, experimental autoimmune encephalemyeli To investigate the in vivo regulation Of_ the balanc_e of_type 1 and
tis; CIA, collagen-induced arthritis; Cll, type Il collagen. type 2 cells, we generated a transgenic mouse line in which an

E ffector T cells play a critical role in controlling patholog- arthritis (3, 4). The contribution of type 1/type 2 responses in CIA
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IL-2RB/L-4Ra (IL-2R/IL-4R) chimeric cytokine receptor is ex- and nontransgenic control litermates=n8), eosinophils were counted in
pressed specifically in the T lineage but not in APCs or other tissudO0 fields/cross-section of each joint in a blind fashion.
(18). This chimeric receptor transduces signals characteristic opyg|iferation assay

IL-4 in response to IL-2 binding. Although the transgenic mice

exhibit normal development of the T lineage, peripheral T cellsMice were sacrificed on day 10 after immunization. Draining lymph nodes
(inguinal and para-aortic) were excised, and single-cell suspensions were

from these transgenic mice exhibited enhanced type 2 respons€gsyspended in serum-free HL-1 medium (BioWhittaker, Walkersville,
This influence on the development of effector T cells was sufficientMD) supplemented with-glutamine, 2-ME, and antibiotics. Lymph node

to overcome the resistance of C57BL/6 mice to OVA-induced al-cells (4 x 10°/well) were plated in triplicate in 96-well flat-bottom micro
lergic airway disease, a disease mediated by type 2 T cells. Thug@er plates in medium alone or in the presence of denatured bovine ClI at

. . . . . 5'and 50ug/ml, or ClI peptides at 3.3 and 3&/ml. Bovine Cll synthetic
in chimeric receptor transgenic mice, the presence of IL-2 UPOMentide (ATGPLGPKGQTGEBGIAGFKGEQGPK) was a gift from D. D.

antigenic challenge appears to favor differentiation of naive T cellSsrand (University of Tennessee, Memphis, TN). Cells were incubated at

into type 2 effector cells. 37°C in 5% CQ for 4 days, and 1uCi/well of [°*H]TdR was added in
Because type 2 cytokines are considered to be beneficial in ClAgulture for the last 18 h. Cells were harvested, ait TdR incorporation

we hypothesized that expression of IL-2R/IL-4R chimeric receptof?®" Well was measured using a beta scintillation counter.

in T cells in our transgenic mice should protect animals from dis-Cytokine assays

ease. quxpgctedly, CIA was exacer,bated in Chlme”? re,cept%raining lymph nodes were removed 2 and 7 wk after immunization. Sin-

transgenic mice. Here we report that disease exacerbation is assa_cell suspensions were prepared and cultured in RPMI 1640 containing

ciated with selective enhancement of type 2 response without Sigr0% FBS. The cells were cultured in 96-well round-bottom plates for 72 h

nificantly affecting IFN+ level at the induction phase of the dis- at2x 10° cells/ml (200ul/well) for 72 h in medium alone or with 5 or 50

ease. Moreover, an extensive eosinophil infiltration was present i#9/ml of heat-denatured bovine CIl. Supernatants were harvested and an-

I, alyzed for IL-4, IL-5, IL-10, and IFNy by sandwich ELISA using Ab pairs
the arthritic joints. Taken together, these results suggest that AUgsharMingen, Sorrentino, CA), according to the manufacturer's recom-

mentation of type 2 response in IL-2R/IL-4R transgenic mice canmended procedures. g
be pathogenic, a result with significant implications with regard to ) s
the potential use of immune deviation as a therapeutic approaCH\_/leasurement of serum anti-Cll Ab levels %
Serum samples were collected before immunization and 2, 4, and 6 wk &
Materials and Methods after immunization for the detection of Cll-specific IgG, IgG1, and IgG2a &
Mice levels. The levels of serum anti-Cll Abs were measured by ELISA as

previously described (20). In brief, ELISA plates (Dynex, Chantilly, VA)
DBA/1 mice were purchased from The Jackson Laboratory (Bar Harborwere coated overnight at 4°C with 38y/ml native bovine CIl in 0.1 M
ME) and used at 6—7 wk of age. IL-BRL-4Ra transgenic mice were  NaHCO; (pH 9.6). After washing with PBS containing 0.05% Tween 20,
derived from C57BL/6 and DBA/2 background. To introduce CIA suscep-nonspecific binding was blocked by PBS containing 1% BSA for 1 h at
tibility genes (the H-2 haplotype and other background genes), ILB2R  room temperature. All serum samples were tested in serial dilutions from .
IL-4Ra transgenic mice were crossed with DBA/1 for two generations 1/100 to 1/16. After overnight incubation at 4°C, the samples were washed 3
(FiN,). Mice were then screened for IL-BRL-4Ra transgene by South  with PBS containing 0.05% Tween 20; incubated with alkaline phospha- 3
ern blot analysis and PCR. The primer sétGAGCCAGCCCCTGAC  tase-conjugated goat anti-mouse 1gG, IgG1, and IlgG2a (Southern Biotech-
CTTTC-3'and 5'-GGGAAGTCTGTCTTCTTCTT-3Was used to amplify ~ nology Associates, Birmingham, AL) at room temperature for 1 h, fol-
350 bp of product of the IL-2RB/IL-4R « gene. The H-2 haplotype was lowed by six washes; and plates were developed ugirgtrophenyl
also identified by PCR. The primer set 5'-~ACCAACGGGACGCAGCG phosphate (Sigma, St. Louis, MO) as substrate. The OD was measured aQ
CAT-3' and 5'-CCTCGTAGTTGTGTCTGCAC-3Was used to amplify 420 nm using a microplate reader ah@® software. A standard serum, i.e.,
the 200 bp of product of the 148 gene. The PCR products were then mixture of sera from wild-type arthritic mice, was added at each plate in «
probed with oligonucleotides specific for M;2H-2°, or H-2 genes (5’-  serial dilutions, and a standard curve was generated to design arbitraryZz
ATACGATCTGTGAACAGATA-3', 5-ATACGATATGTGACCAGA units of total 1gG, IgG1, and lgG2a anti-Cll Abs.
TA-3', and 5’-ATACGGCTCGTGACCAGATA-3lvere specific for H-2,
H-2° and H-2' genes, respectively). IL-2RIL-4Ra transgenic mice ho  Results
mozygous for H-2were then further backcrossed to DBA/1 for four or five ; _ ; ;
additional generations (Ns-F;Ng). Collagen-specific DBA1 Y8.3 tg Exacerbated CIA in IL-2R/4R transgenic mice
mice were developed by Ed Rosloniec (19). Primer set 5'-CTCTTCTAToO study CIA in IL-2R/4R chimeric receptor mice, transgenic mice
GAACACATGGAGG-3' and 5'-GACAGACAGCTTGGTTCCATG-3"  were backcrossed to the disease-susceptible DBA/1%Hbdck

was used to amplify 346 bp of the product of thg8/3 gene. ground. After the first two crosses, the pups were genotyped for
Induction and assessment of CIA both the transgene and the M-gene. H-2'9 homozygous trans
Native bovine CII (Chondrex, Seattle, WA) was dissolved at 2 mg/ml in genic mice were then s_el_ected for four_ additional baCkcrossef‘s_to
0.01 M acetic acid at 4°C overnight and emulsified with an equal volumeDBA/1. Because our original hypothesis was that T cell-specific
of CFA (Difco, Detroit, MI). CIA was induced by intradermal injection at expression of IL-2R/IL-4R chimeric receptor would serve a pro-

tShte ?_aseszdthe tafitl with 10Qu (:_f emulsion Containilng zmg of Ct|r|1 g tective role in CIA, we initially induced disease by immunizing
arting ays after immunization, mice were analyzed every other da PR ; : :
and monitored for signs of arthritis and date of disease onset in a bling’ransgenlc mice and conrol littermates with 169 of bovine Cl|

fashion by two independent examiners. Clinical arthritis was assessed b} CFA and boosted with 10fig of bovine Cllin IFA 3 wk later.
using a scoring system as follows: grade 0, no swelling; grade 1, paws witd O our surprise, transgenic mice exhibited accelerated disease on-
swelling in single digit; grade 2, paws with swelling in multiple digits; set, although disease incidence and severity were not altered under

grad_e 3, severe_swelling and joint rigidity. Each limb was graded, gi_ving 3his immunization protocol. Disease developed on day 21 after
maximum possible score of 12/mouse. Data were analyzed using therima immunization in transaenic mice compared with dav 31 in
Macintosh InStat software program. Group comparisons were performe@ ry 9 p y

using they? test for disease incidence and unpaired, two-tailed Student's control littermates (data not shown). Under this immunization pro-
test for arthritic scores. tocol DBA/1 mice develop severe arthritis with an incidence ap-
proaching 100%, thus making it difficult to assess the potentially
increased severity of disease in the transgenic mice as suggested
Paws were removed postmortem, fixed in 4% paraformaldehyde, and dg;y the earlier onset. Therefore, we altered our immunization pro-

calcified in Immunocal solutions (Decal Chemical, Congers, NY). The . S .
paws were then embedded in paraffin and sectioned. Eosinophil-specifité)COI to a single injection of 5@g of Cll in CFA. The results of

Luna staining was used to demonstrate tissue eosinophilia. To compat@ree separate experiments using this less intensive induction reg-
quantitative measures of the tissue eosinophilia in transgenic miees) imen are summarized in Table I. The incidence and arthritis index
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Table I. CIA in IL2R/4R chimeric receptor transgenic nitce A wild-type background B V{8.3 TCR background
10000
Expt. Mice Incidence Day of Onset Arthritis Index O NTg (=9 10000045 NTE =D
e W Tg@n=5 W Tg(n=3) T
1 NTg 16 42 10 s 73007 75000 I
Tg 2/6 28 10.5 g T 71
2 NTg 1/7 44 5 5 5000
Tg 2/5 23 8.3 % 50000+
3 NTg  3/7 33 5.7 g [
Tg 4/5 24 10.75 3 25001 T 250001
Total NTg 5/20 42 6.4+ 1.3* A
Tg 8/16° 24 9.9+ 0.9*1 \ J__—l o
@ Mice were immunized with a single dose of @ of bovine Cll in CFA. Data 50 1 10

are given as number of diseased mice for the incidence, as median of day of onset, and
as arthritis index (total clinical scores per group/numbers of arthritic animals in each

?m”p)' Tg, IL-2R/4R chimeric receptor transgenic mice; NTg, nontransgenicpiGURE 2. Proliferative response of lymph node cells to bovine CII.
ittermates. e e

b Clinical severity of each joint was graded: grade 0, no swelling; grade 1, paWSDral.nlng lymph node C?”S from IL-2R/IL-4R transgenic mice and nontrans-
with swelling in single joint; grade 2, paws with swelling in multiple joints; grade 3, genic littermates on wild-typeA} and Cll-specific TCR 88.3 transgenic
severe swelling and joint rigidity. Each paw was graded and the four scores wergackground (Bwere isolated on day 10 after immunization, and proliferation

summed so that the maximum score per mouse was 12. ; ; ; ; ;
i X - was measured in medium alone or in response to bovine ClI or Cll peptides.
*, Arthritic index of three experiments; § < 0.05 vs nontransgenic littermates P pep

(x? analysis):ql, p = 0.05 vs nontransgenic littermates (Studentest). Values represent the mean per gratipSEM, as analyzed in two separate
experiments. Background counts (counts per minute) for lymph node cells in
chimeric receptor transgenic mice and nontransgenic littermates are7,085
%,305 and 5,874 1,740 on wild-type background\ and 73,478+ 25,651

and 84,893+ 34,247 on Cll-specific TCR®8.3 backgroundR).

Collagen ( jtg/ml) Peptide ( pg/well)

of animals in each group were calculated from pooled data of thes
experiments (Fig. 1). Under this new immunization protocol, it
was clear that CIA is exacerbated in transgenic mice, as indicated

by an increase in disease incidence and severity and earlier disease

onset. As shown in Table | and Fig. 1, the incidence in transgenitermates (at 5@g/ml of Cll). We also measured the proliferative
mice (50%, 8 of 16 mice) was significantly increased comparedesponse of T cells expressing a Cll-specifjgd/3-TCR transgene
with that in nontransgenic littermates (25%, 5 of 20 mipex (19) when the chimeric receptor was present or absent. The result
0.05). The severity of the disease was measured as an arthrit{fig. 2B) showed that lymph node cells from both control and
index (total clinical scores per group/numbers of arthritic animalschimeric receptor transgenic mice responded strongly to Cll pep-
in each group). The arthritis index was also significantly increasedide in a dose-dependent manner, but there was no significant dif-—.
in IL-2R/4 R transgenic mice (9.& 0.9; p = 0.05), compared ference between transgenic mice and control littermates. These3
with wild-type littermates (6.4 1.3). In addition, there was an data suggest that the exacerbation of arthritis in IL-2R/4R trans-
acceleration in disease onset in transgenic mice, because the ngenic mice was not due to enhanced T cell proliferation in re-
dian day of onset among diseased mice was day 24 for IL-2R/4Rponse to CllI challenge in IL-2R/4R transgenic mice.

transgenic mice but day 42 for arthritic wild-type mice. Taken ) ) ]

together, these results clearly demonstrate that expression of |12€lectively enhanced type 2 cytokine response in IL-2R/4R
2R/4R chimeric receptor in T cells in transgenic mice exacerbatedf@nsgenic mice

arthritis. Given that the chimeric receptor amplified IL-4-signaling events
during in vitro differentiation (18), we determined the effect of the
chimeric receptor on the production of IL-4, IL-5, and IL-10 in
response to collagen stimulation in vivo. As shown in Fig. 3, both
To investigate the mechanism by which altered T cell function inIL-5 and IL-10 levels were drastically increased in the IL-2R/4R
these transgenic mice leads to exacerbation of the disease, we fitsansgenic mice compared with nontransgenic littermates (Fig. 3,
tested Ag-specific proliferative responses of lymph node cells fromA-D). Production of IL-4 was below the limit of detection at 2 wk
transgenic mice and their nontransgenic littermates. Transgenigostimmunization, but the level of IL-4 was significantly increased
and control mice were immunized with bovine CII, and draining at 7 wk postimmunization (Fig.B. On a CllI-specific \88.3 TCR
lymph node cells were isolated and rechallenged witlug0nl of transgenic background, a dramatic increase in IL-4 level in chimeric
Cll or synthetic peptide in culture. As shown in Figh,2here was receptor transgenic animals was detected as early as 10 days postim-
no significant difference between proliferation of IL-2R/4R trans- munization (Fig. 5B Although these results demonstrate that T cell-
genic lymph node cells and control cells from nontransgenic lit-specific expression of chimeric receptor enhances type 2 helpyIFN-

mmn wo.y pepeojumog

Normal Ag-specific proliferative response in IL-2R/4R
transgenic mice

TT0Z ‘TT AN uo Bio: jounwi

1A B
FIGURE 1. Increased CIA incidence and severity of 5 10

arthritis in IL-2R/4R chimeric receptor transgenic mice, 44
Data are shown for the incidence of arthritis (A) an&®
severity of clinical signs (B) in IL-2R/4R transgenicg 30+
mice (@) and nontransgenic littermates (O) after immu.ﬁ:
nization with bovine Cll as described in Table I. Resultg 2
are pooled from three separate experiments (shown
Table 1) and expressed as a percentage of the value in
arthritic mice (A) and as the arthritis index of all mice in o0+ 0-

each group on a given day during the course of CIA (B). 15 20 25 30 35 40 45 50 55 20 25 30 35 40 45 S0 55
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Arthritic index
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2 weeks 7 weeks
A B
4000 NTz @=5) * O NTg(@m=7) **
B Tg(n=5) 1w ey,
0 * =
% 30 z
= =
ES &
: 2004 " 50
3 2
100—
1 [
0 0
0
Collagen( ug/ml Collagen( pg/mi)
C D
800 200
FIGURE 3. Increased type 2 cytokines in IL-2R/ O NTg (n=5) "_‘If" 0 NTg =7 *
IL-4R transgenic mice. _L_ymph node cell suspensions so0|M Te(=5) .. 150_. Tg (n=5)
were prepared from draining lymph nodes from mice 2 = T -
and 7 wk after immunization with CIl. Supernatants & E
from cultures were collected after a 72-h incubation in é’i 400 o 2 100-
the presence of 0, 5, or 5y/ml of Cll and assayed for - ;
IL-4, IL-5, and IL-10 by ELISA. Data are the mean : - in
SEM, as analyzed in three separate experimen(s< = 2007 . = s0- T
0.05; **, p < 0.001 (vs nontransgenic littermates, by T
Student’st test). 0
! 0
0 50 0

Collagen ( pg/mi)

Collagen ( pg/ml)

10
[0 NTg (n=20) ok

7.5 M Tg (n=16)

— %

IL-4 (pg/ml)
i

Collagen ( pg/ml)

production was not significantly affected in the induction phase of themeasuring Cll-specific 1gG, 1gG1, and IgG2a production. Mice
were immunized with ClIlI in CFA, Cll-specific Ab levels were
determined in preimmune sera, and samples were collected at 2, 4,

disease in the transgenic mice (Figh. ahd5A).

Increased Ag-specific IgG1 Ab level in IL-2R/4R transgenic

mice

and 6 wk after immunization. Cll-specific 1gG, IgG1, and 1gG2a

were undetectable before immunization, and there was no signif-
Because development of Cll-specific Abs requires T cell help, wdcant difference in the 1gG2a level between transgenic and control

measured the effect of the transgene on type 2 help in vivo bynice after immunization. In contrast, the Cll-specific IgG1 and

A 2 weeks B 7 weeks
1000 250
[0 NTg (n=5) [0 NTg(n=20) T
B Tg@=5) 200+l Tgn=16)
750 =
=) T g
£ S04 T
b 2,
2500 T ~
: > 100 i
Z | =
= 250- =
50 ok
0 0 !
0 50 0 50

collagen ( g/ml)

Collagen ( pg/ml)

FIGURE 4. Diminished IFN+ production in IL-2R/
IL-4R transgenic mice. Lymph node cell suspensions
were prepared from draining lymph nodes obtained
from mice 2 and 7 wk after immunization with CII.
Supernatants from cultures were collected after a 72-h
incubation in the presence of 0, 5, or p@/ml of ClI

and assayed for IFN-by ELISA. Data are the meah
SEM, as analyzed in three separate experiments<
0.05; ##, p < 0.001 (vs nontransgenic littermates, by
Student’st test).
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vf8.3 TCR background v(38.3 TCR background

50
FIGURE 5. Cytokine production in chimeric re- 5000 A [ B

ceptor transgenic mice on Cll-specific TCR3%.3 40 *
background. Lymph node cell suspensions were pre-
pared from draining lymph nodes from mice 10 days
postimmunization with ClI. Supernatants from cul-
tures were collected after a 72-h incubation in the
presence of 0, 5, and 58y/ml of Cll and assayed for
IL-4 and IFN-y levels by ELISA.*, p < 0.05 (vs
nontransgenic littermates, by Studertt®est). 0

40001
30+

20 T

O NTg(n=3)
W Tg(n=3)

30001

2000

IFN-y (pg/ml)
IL-4 (pg/ml)

1000+

0 5 50
Collagen ( ug/ml)

Collagen ( ug/mi)

IgG levels were significantly increased in chimeric receptor trans-areas adjacent to blood vessels in the dermis. When the degree of
genic mice compared with their nontransgenic littermate controleosinophilia was quantitated (Fig. 7C), there was an increase in the
(Fig. 6) 2 and 4 wk after immunization. This elevated IgG1 pro- numbers of eosinophils with the increase in disease severity, with
duction persisted 6 wk after immunization (Fig. 6), consistent withmost abundant eosinophils found in the joints of transgenic mice
our cytokine data, which suggest that T cell-specific expression ofvith grade 3 disease. In contrast, eosinophils were barely detect-
the transgene enhances type 2 help in vivo in CIA. Taken togethegble in nontransgenic littermates regardless of the severity of the
we conclude from these studies that the accelerated arthritis afisease. These data are consistent with high level IL-4 and IL-5
chimeric receptor transgenic mice is not attributable to type 1 Tproduction in transgenic mice 7 wk postimmunization (FigE3,
cells. Instead, type 2 help was increased along with a significanandB). Taken together, our results suggest that increased produc-
increase in total Cll-specific 1gG. tion of IL-4 and IL-5 by type 2 T cells leads to eosinophil recruit-
ment and activation in the joint, exacerbating inflammation in chi-

Recruitment of eosinophils in arthritic joints in IL-2R/4R meric receptor transgenic mice.

transgenic mice

A hallmark of inflammatory arthritis such as RA and CIA is the Discussion

presence of pannus, proliferating synovial membranes that fornAlthough there has been debate as to whether CIA is a Th1 disease
interdigitating folds. The formation of active inflamed pannus re-Th2 cytokines are frequently considered to be beneficial for the =
sults in the destruction of cartilage and bone. Recent reportslisease. Thus, treatment of arthritic animals with IL-4 or IL-10 3
showed that local IL-4 gene therapy could protect cartilage ancaameliorates the disease, whereas neutralizing anti-IL-4 and anti-2
bone from erosion despite severe inflammation (21). To determiné_-10 Abs accelerate disease onset and increase disease severitﬁ
the effect of enhanced type 2 response in our transgenic mice oimdeed, such data have suggested that gene therapy designed t@
cartilage and bone, we examined joint histology in arthritic mice.enhance Th2 responses might prevent or ameliorate aut0|mmuné°
When paws with equivalent degrees of clinical inflammation werediseases such as arthritis. Here we have used a transgenic mous@
examined, there were no significant differences in cellular infiltra-line that expresses an IL-2R/4R chimeric cytokine receptor in the C
tion, pannus formation, and cartilage and bone erosion betweeh lineage so that it transduces IL-4-specific signals in response to,_\
transgenic mice and nontransgenic littermates (data not shown)L-2 binding and dramatically enhances type 2 responses (18).F
However, there was extensive accumulation of eosinophils in IL-Unlike unregulated Th2 responses in IL-4 transgenic or Bcl-6 B
2R/4R transgenic mice, while eosinophils were rarely detected irknockout mice (22—24), which induce defects in multiple organs, =
the joints of nontransgenic littermates with the same clinical scorehimeric receptor transgenic mice express the transgene specifi-
(Fig. 7,A andB). The majority of the eosinophils accumulated in cally in T cells and exhibit normal development of the T lineage,
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FIGURE 6. Increased CllI-specific IgG and IgG1 responses in IL-2R/IL-4R transgenic mice. Serum samples were collected 2, 4, and 6 wk after

immunization with CII. Anti-Cll-specific 1gG, 1gG1, and IgG2a levels were measured by ELISA. Data are them8&M using an arbitrary unit, as
analyzed in three separate experiments. NTg, Nontransgenic mice; Tg, IL-2R/II-4R transgenig miced.05 (vs nontransgenic littermates, by Student’s
t test).
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FIGURE 7. Eosinophil infiltration in joint of IL-2R/IL-4R transgenic

mice. Nontransgenic and IL-2R/IL-4R transgenic mice were immunizedt€nsive eosinophil infiltration was observed in the arthritic joint of =

with Cll as described irMaterials and MethodsSeven weeks after im-

icantly altered during the induction phase of the disease or was
diminished in later phases of the disease. Our data suggest that T
cell-specific expression of chimeric receptor leads to selective en-
hancement of Th2 cell development in vivo. An alternative inter-
pretation is that the more severe disease phenotype of transgenic
mice is directly caused by increased type 2 responses in vivo. This
hypothesis is supported by our observation that the levels of IL-4,
IL-5, and IL-10 were markedly elevated. Furthermore, Cll-specific
IgG1 (whose production is enhanced by IL-4 and is therefore in-
dicative of Th2 response) is also significantly increased in trans-
genic mice 2 wk after immunization, and the high level of 1IgG1
persists to the late stage of the disease (6 wk postimmunization).
Finally, there is a massive eosinophil infiltration in the arthritic
joint of transgenic mice, suggesting the contribution of type 2 re-
sponse to the disease in transgenic mice. Considering that type 2
cells and cytokines were found in CIA before the onset of clinical
arthritis (5, 6), we favor the hypothesis that both type 1 and type
2 cells play roles in the pathogenesis of the disease. In this view,
accentuation of either subset can aggravate disease as long as the
other subset is able to develop during early phases of the Ag
response.

An important question from these findings is how an increased 8
type 2 response exacerbated the disease. Based on several lines c§
evidence from other autoimmune disease models, it is likely that o
the IL-10 produced by infiltrating T cells in the joint plays a role
in the disease pathogenesis. Results with IL-10 transgenic mice%
provide evidence supporting this hypothesis. Expression of an S
IL-10 transgene specifically in the pancreaiicells of NOD mice
promoted the development of diabetes (27, 28). Moreover, Th2
cell-induced diabetes in immune-compromised NOD mice is me- =,
diated by local IL-10 production, indicating that IL-10 is able to
induce local pathology directly (29). It is likely that a second con-
tributory mechanism is the elevated level of IL-4 and IL-5. High
levels of IL-4 secreted by type 2 T cells in the joint stimulate the o
expression of adhesion molecules such as VCAM-1 on endothelial@
cells as well as the production of chemokines such as (MCP-1) S
from endothelial cells, resulting in the recruitment of eosinophils &
and monocytes to the joints. Type 2 cells also secret IL-5, which *<
stimulates the growth and differentiation of eosinophils and acti- +

vates mature eosinophils. Consistent with this mechanism, an ex-}
'_\
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chimeric receptor transgenic mice. Finally, high levels of IL-4 may

munization joint eosinophilia was evaluated by staining joint sections withpromote ClI-specific Ab production, thus leading to more severe

Luna’s stain. Representative joint sections (original magnificatiat)0)

disease. For instance, expression of an IL-4 transgene under the

from nontransgenic (A) and transgenic (B) Cli-sensitized mice are showgontrol of a MHC class | promoter led to increased levels of total

in upperand lower panels, respectively. Arrows indicate eosinophils.

Eosinophilia in transgenic mice (Tgr = 8) and nontransgenic control
littermates (NTg;n = 8) were quantitated by counting in 10 fields/cross-
section of each joint in a blind fashion. Disease severity was graded a

described in Table I.

1gG, 1gG1, and IgE, and spontaneous autoimmune-type disease
(22). The expression of our chimeric receptor was restricted to T
cells, and T cell and B cell number and ratio appeared normal in
goth spleen and lymph node (data not shown). However, CllI-spe-
cific IgG and IgG1 levels are significantly increased, which may
partially account for the more severe disease in transgenic mice.

and their immune responses are regulated specifically by antigenic A prior study demonstrated that local IL-4 gene therapy could
challenge. In contrast to the results with neutralizing Abs and adprotect cartilage and bone from erosion despite severe inflamma-
ministration of cytokines, CIA is exacerbated in chimeric receptortion (21). However, despite enhanced levels of IL-4 and IL-5 and
transgenic mice. a marked increase in eosinophils in the joint, there is no significant
One interpretation of our results might have been that elevateghange in cartilage and bone erosion between chimeric receptor
IL-4 production somehow also promotes a type 1 response in vivdransgenic mice and control littermates when paws with equivalent
in transgenic mice. A recent report showed that IL-4 enhanceslinical severity were compared. This observation is consistent
IL-12 production by dendritic cells and thereby promotes a Thiwith our data that the Th1l response is not significantly suppressed
response (25). Moreover, IL-4 has been shown to enhance Thl c€lFig. 4A) in the early stage of the immune response in transgenic
development in vitro in the presence of TGER26). However, this  mice. Our finding suggests that despite the enhanced Th2 response
hypothesis is rendered unlikely by the finding that IFNroduc-  and the presence of eosinophils, an initially normal Thl response
tion induced by collagen in transgenic mice either was not signif-in chimeric receptor transgenic mice can trigger a cytokine cascade
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to activate macrophages/monocytes, which, in turn, stimulates syt2.
noviocyte proliferation, pannus formation, and destruction of car-
tilage and bone. 13.

Contributions of the type 2 response to autoimmune disease do
not appear to be limited to CIA. Recent work in both diabetes and
EAE models has found that adoptive transfer of Ag-specific Th214.
cells into immunodeficient mice not only failed to protect against
Thl cell-induced disease, but also caused Th2-related disease.
Specifically, infiltration of eosinophils in the islets and infiltration 15.
of mast cells in the spinal cord were observed for insulin-depen-
dent diabetes mellitus and EAE, respectively (29, 30). Moreover,
adoptive transfer of long term T cell clones with a fixed Th2 cy- 16
tokine profile caused diabetes in immunocompetent mice (31). Our
results demonstrate that even in the absence of adoptive transfer.
and without an expanded population of Ag-specific T cells, sus-
tained elevation of type 2 responses may not be benign and has thg
potential to cause clinical disease in animal models.
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