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Abstract

This study details the suppressive mechanism involved in the

antigen-specific suppression of collagen-induced arthritis. In-

travenous injection of 500 ,ug of soluble native type II collagen
3 d before immunization with native type II collagen emulsified
in complete Freund's adjuvant resulted in animals with decreased

in vitro cellular and humoral immune response to native and

denatured type II collagen compared with control groups.

Control groups were composed of animals preinoculated with

saline and type I collagen and established the antigen-specific
nature of the observed suppression. Mice with reduced immune

responses to type II collagen also were observed to portray

little or no erythema and edema associated with collagen-
induced arthritis. Adoptive transfer experiments established
the requirement of T cells for the suppression of collagen-
induced arthritis. Analysis of the phenotype of responding
splenic cells in chronic immunotherapeutically suppressed mice
in vitro revealed that responding cells were Lyl-2+ (suppressor/
cytotoxic) T cells. On the other hand, the cellular phenotype
of T cells responding to type II collagen in nonsuppressed
collagen-induced arthritic mice was Lyl+2- (helper/inducer T

cells). The data indicate that type II collagen-specific T cells

are generated on intravenous inoculation of soluble native type

II collagen. These cells are observed in type II collagen-
immune animals, which are nonarthritic and portray reduced
humoral and in vitro cellular immune response to type II

collagen. This study suggests that specific suppression of
immune responses to type II collagen by T-suppressor cells

can be immunotherapeutic in certain forms of arthritis.

Introduction

A polyarthritis can be induced in specific strains of rats (1) or

mice (2) by immunization with native homologous or heter-

ologous type II collagen preparations. This animal model of

proliferative synovitis is characterized by the development of

both cellular and humoral immune responses to type II

collagen (3, 4). Collagen-induced arthritis (CIA)' can be adop-
tively transferred to naive rats by sensitized spleen cells (5)
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and passively transferred by immunoglobulin G specific for

type II collagen (6). These observations are consistent with the

contention that CIA results from immunologic hypersensitivity
to type II collagen. Recent studies have noted that the immune

responses to collagen as well as arthritic responses in rats with

CIA can be modulated by free collagen and anti-collagen
antiserum (7). In addition, administration of collagen-coupled
spleen cells (8), native type II collagen (9), or specific constituent

CNBr peptides (10) before immunization with type II collagen
results in the antigen specific suppression of CIA in rats. Rats

administered collagen-coupled erythrocytes have also been

utilized as splenic cell donors in studies showing the adoptive
transfer of antigen-specific suppression of collagen arthritis

(11). However, the cell(s) responsible for this antigen-specific
suppression have not been determined. The present study
extends the previous observations of antigen-specific suppression
of CIA to the murine model of CIA. In addition, adoptive
transfer experiments were performed to establish the cellular

subpopulation necessary for immunotherapeutic suppression
of arthritis. The present data indicate that Thy 1 + Lyl -2+ type
II collagen-specific spleen cells (T cells) are generated on

intravenous preinoculation with native heterologous type II

collagen. Furthermore, these T suppressor cells depress in vitro

cell-mediated immune responses to type II collagen and serum

anti-type II collagen antibody titers observed in mice with CIA

as well as the concomitant erythema and edema of synovitis
observed in murine CIA.

Methods

Mice. Female DBA/IJ mice (6-12 wk of age) were purchased from
Jackson Laboratory (Bar Harbor, ME).

Collagen purification. Native interstitial type I and type II collagens
were isolated from pepsin digests of tissues rich in the particular
isotype of collagen as described previously (12). In brief, preparations
of type I collagen were isolated from rabbit dermis and preparations
of type II collagen were isolated from rabbit xyphoid process. Solubilized
collagen was purified by differential salt precipitation from neutral salt
or acid solutions (13). Collagen preparations were further purified by
native state carboxymethylcellulose chromatography (for native type I

collagen) and diethyleaminoethane cellulose chromatography (for native
type II collagen) utilizing previously detailed conditions (14, 15). Under
these conditions, native interstitial collagen can be totally resolved
from basement membranes or other related collagenous components
as well as proteoglycan moieties. Assessment of purity was performed
by molecule sieve, ion exchange chromatography, and 5% sodium

dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. In addition,
the type II collagen preparation at concentrations of >2 mg/ml was

routinely assayed for uronic acid content. No uronic acid was detected
with the limits of detection at I psg of uronic acid. Denaturation of
the native collagen preparation was achieved by incubation at 60°C
for 45 min just before utilization.

Collagen-induced arthritis. Murine CIA was induced by a modified
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method of Courtenay et al. (2). In brief, 100 ,g of purified rabbit type
11 collagen emulsified in complete Freund's adjuvant (CFA) was
injected intradermally at the base of the tail on day 0. A second
identical injection of antigen emulsified in CFA was administered
intraperitoneally on day 14. Mice were observed for onset of arthritis
which, in general, occurred 4 wk after the initial injection. Animals
were monitored daily for arthritis until they were killed. Preinoculation
of antigen for suppression studies occurred 3 d before day 0. A single
intravenous injection consisting of 500 Mg of native collagen (type I or
type II) in 0.2 ml of isotonic saline was administered.

In parallel suppression studies, single intravenous injection of "25I-
radiolabeled type II collagen (chloramine-T method [16]) was admin-
istered to establish the amount of antigen carry-over in the single cell
suspensions during adoptive transfer. 100 Mg of type II collagen with
a specific activity of 2,200 cpm/ng was injected intravenously in 0.2
ml saline 3 d before adoptive transfer. At sacrifice, both whole spleen
and subsequent single cell suspensions were counted in a Beckman
gamma counter model 5500 (Beckman Instruments, Inc., Fuller-
ton, CA).

Pathology scoring. Paws were individually scored for arthritis on a
scale of 1-5 based on the amount of erythema and enlargement,
distortion, or limitation of movement of the joints. Scoring ranged
from 1, corresponding to mild erythema of the foot pad, to 5,
corresponding to ankylosed and deformed joints with diffuse edema.
In addition, the number of enlarged terminal digits on inflamed paws
was recorded. The pathology scores presently tabulated represent the
values obtained when the animals were killed, 50 d after the initial
immunization with type II collagen/CFA.

Adoptive transfer. Control mice and collagen-preinoculated mice
were killed 3 d after intravenous injection, and spleens from each
group were removed, pooled, and minced into single cell suspensions.
The cells were exposed to a solution containing 0.15 M NH4Cl, 0.017
M Tris, pH 7.2, for 5 min at 0C to lyse erythrocytes (12). The
resulting cellular suspension was analyzed for cell viability by trypan
blue exclusion (>90% viable in all cases), and I X 107 cells were
resuspended in 0.2 ml of isotonic saline for intravenous injection. Cells
were adoptively transferred to naive animals via the tail vein 4 d prior
to immunization with collagen. For cell depletion studies, cell suspen-
sions were treated with monoclonal anti-Thy 1.2 (Cedarlane Laboratories
Ltd., Hornby, Ontario, Canada) and low-tox-m rabbit complement
(Cedarlane Laboratories Limited) for 30 min at 370C to lyse T cells.
Subsequent to this procedure, cells were analyzed for cell viability and
adoptively transferred to naive mice as described above.

Cell-mediated immune responses. In vitro cell-mediated immune
responses were determined for spleen cell populations utilizing native
and denatured type II collagen as antigens as previously described ( 12,
17). In brief, when the animals were killed, spleens were removed and
individually minced into single cell suspensions, and erythrocytes were

lysed. The resulting cellular suspension was analyzed for cell viability
by trypan blue exclusion (>95% viable in all cases) and 2 X 105 viable
cells were aliquoted in microwells for culture in 200 Ml of RPMI 1640
media supplemented with 10% heat-inactivated fetal calf serum

(M. A. Bioproducts, Walkersville, MD), 2 mM Hepes, and penicillin-
streptomycin. The cultures were incubated at 37°C at 5% CO2.
Antigens diluted in normal saline, pH 7.5, to various concentrations
and native or denatured type II collagen (50, 5, and 0.5 Mg/ml) were

added (20 ,ul) at initiation of the cultures. Individual cultures incubated
with a specific concentration of antigen were performed in triplicate.
Diluent cultures, receiving 20 Ml of saline were performed a minimum
of six times on individual microtiter plates. Analysis of the phenotype
of the cellular populations responding to type II collagen in vitro were

performed by cellular depletion studies utilizing monoclonal anti-Thy
1.2, monoclonal anti-mouse Lyl (Becton Dickinson Monoclonal Center,
Mountain View, CA) and monoclonal anti-mouse Ly2 (Becton,
Dickinson Monoclonal Center). Splenic single cell suspensions were

incubated for 30 min at 37°C with individual monoclonal antibodies
and incubated with low tox-m rabbit complement for 30 min at 37°C.
Cellular suspensions were analyzed for cellular viability by trypan blue

exclusion and plated in microwells for analysis of in vitro cellular
responses to type II collagen. Cell suspensions were retreated with the
appropriate antisera and complement to insure maximum specific
cytotoxicity. The cultures were incubated for a period of 4 d with
individual daily 24-h pulses of 0.5 MCi [3H]thymidine. Cultures were
harvested daily after pulsing in a mine-mash cell harvester (M. A.
Bioproducts) and counted in a Packard Tri-carb model 3330 liquid
scintillation spectrometer (Packard Instrument Co., Inc., Downers
Grove, IL). Data is expressed as a stimulation index (SI) defined as:
mean cpm of incorporated antigen-stimulated culture/mean cpm of
incorporated diluent culture. Criteria for significant immune responses
were SI 2 2.0 and in the comparison of diluent vs. antigen-incubated
cultures P < 0.05.

Radioimmunoassay for anti-type II collagen antibodies. Serum
anti-collagen antibodies were determined by utilizing a solid-phase
radioimmunoassay (18) as described previously (19). In brief, polyvinyl
microtiter plates were incubated with 20 Ml of a neutral pH sodium
bicarbonate solution containing the native or denatured type II collagen
(I mg/ml) for 24 h at 4VC. Subsequent to the adherence of antigen to
the wells, the plates were washed with a bicarbonate buffer, pH 7.5,
and filled with a solution of 2% BSA (bovine serum albumin) in
bicarbonate for 24 h at 4VC. This procedure reduced the nonspecific
background binding by blocking remaining sites of adherence in the
wells. In parallel wells, by utilizing nanogram quantities of radiolabeled
collagens (2,200-3,000 cpm/ng) added to these collagen solutions, it
was determined that -0.1% of the quantity of the collagen added to
the wells irreversibly adhered to the plates under these conditions.
Subsequent to this incubation, 20 M1 of bicarbonate buffer and 20 MI
of serum dilution (1:10, 1:50, 1:100, 1:1,000, 1:5,000, 1:10,000) were
incubated in the wells for 18 h at 4VC. The wells were washed
thoroughly with bicarbonate buffer and filled with 50 ql (125 ng) of
'25I-labeled goat anti-mouse IgG (Cappel Laboratories, Cochranville,
PA). This reagent was incubated in the wells of the plates for 12 h at
4°C. The wells were washed 12 times with bicarbonate buffer, dried
by air, and counted in a Beckman 5500 gamma counter. Quantitation
of the bound antibody was determined by utilization of binding data
derived from samples containing known quantities of specifically
purified murine anti-type II collagen antibodies. Anti-type II collagen
antibodies were isolated by elution from type II collagen-coupled
Sepharose 4B (cyanogen bromide method) with a solution of 0.1 M
glycine-HCI pH 2.5 (20). Antibody concentration was calculated by
determination of optical density at 280 nm utilizing the molar extinction
coefficient for immunoglobulin molecules, a value of 14,830.

Statistics. P values for the antibody concentration and cell-mediated
immune responses were determined by utilizing the Student t test. P
values for the inflammation pathology scores were determined utilizing
a Mann-Whitney test.

Results

Suppression of CIA in the mouse

Pathology. Initial experiments were performed to detail the

suppression of CIA in the murine model of arthritis. Three

groups of eight DBA/1J mice were preinoculated with 0.2 ml

of phosphate-buffered saline, 500 Mg of native type I collagen,
or 500 Mg of native type II collagen in 0.2 ml of phosphate-
buffered saline and were subsequently immunized with type II
collagen. The results obtained for the arthritis pathology score

for these animals are summarized in Table I. Groups 1 and 2

(preinoculated with saline and type I collagen, respectively)
were observed to have a high incidence of arthritis. With
regard to gross pathology scoring, inflammation (erythema and

edema) was most prominent in the hind paws with the left,
on the average, more severe than the right. The corollary was

observed for the forepaws with the right paw displaying a more

severe, gross pathological condition, on the average, than the
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Table I. Suppression of CIA in the Mouse by Preinoculation
ofNative Type II Collagen: Arthritis Pathology Score*

Inflammation"l

Hind paw Forepaw

Incidence of Terminal
Group Preinoculation (i.v.)t inflammation§ Left Right Left Right digits involved

I Saline 8/8 2.1 1.5 0.9 1.3 1.1

2 500 fig of native type I collagen** 8/8 2.5 2.0 1.3 1.5 1.3

3 500 Ag of native type II collagen** 0/7 0.4 0.0 0.1 0.0 0.0

* Animal paws individually scored for arthritis on a scale of 0-5 based on the amount of erythema and edema, distortion, or ankylosis of the
joint. t Mice administered intravenous injection 3 d before immunization with 100 tg of native type II collagen emulsified in CFA. Day of
initial immunization of collagen was designated day 0. § Number of animals with a recorded pathology score > 1 by day 50 divided by the
total number of mice per group at day 50. "lAverage pathology score for the individual paw of each mouse in the designated group. A statisti-
cal analysis of the inflammation pathology scores revealed no statistical difference (NS) for values obtained for groups 1 and 2. However, com-
parison of group 1 vs. 3 and group 2 vs. 3 revealed a statistically significant reduction of inflammation in group 3 at the following levels. Group
1 vs. 3, hind paw: left, P < 0.002; right, P < 0.006; forepaw: left, P = NS; right, P = 0.05. Group 2 vs. 3, hind paw: left, P = 0.0006; right, P
< 0.006; forepaw: left, P = 0.0005; right, P = 0.008. 1 Average number of enlarged terminal digits per inflamed (score 2 1) paw. ** Neutral
salt-soluble collagen isolated and purified as described in the text.

left paw. For all inflamed paws at least one terminal digit was
observed to be involved. The gross pathology score and
inflammation incidence for group 3 (preinoculated with native
type II collagen) were substantially reduced with regard to the
pathology score. The P values listed as in Table I ranged from
0.05 to 0.0005. Animals in this group displayed only mild
erythema on the left fore- or hind paws with no swelling of

the terminal digits. None of the animals in this group was

observed to display enlargement or distortion of limitation of
movement of the joints.

Immune response to native and denatured type II collagen.
The cell-mediated and humoral immune responses to type II
collagen for the animals comprising the arthritic groups (saline-
and type I collagen-preinoculated, groups 1 and 2, respectively)
and the nonarthritic group (native type II collagen-preinocu-
lated, group 3) are summarized in Table II. As shown in Table

II, cell-mediated immune responses directed to native type II
collagen (recorded as an SI) were observed in the arthritic

group (SI: group 1, 2.7±1.4; group 2, 4.3±0.7). Treatment of

these cultures with monoclonal anti-Thy 1.2 and complement

Table II. Suppression of CIA in the Mouse by Preinoculation
ofNative Type II Collagen: Immune Response to Type II Collagen

Immune response

Cell-mediatedt type II collagen

Native Denatured Humoral§ type II collagen

Group* Diluent aThy I + C' Diluent aThy I + C' Native Denatured

mg/ml mg/ml

1 2.7±1.411 0.9±0.5 1.2±1.0 0.6±0.6 5.6±1.11 5.0±1.1
2 4.3±0.7 0.2±0.1 2.5±1.6 0.7±0.8 6.1±0.7 5.4±0.4
3 2.1±0.7 0.9±0.7 1.4±0.9 0.4±0.2 0.6±0.04 1.9±0.3

* Animals preinoculated as described in Table I. t In vitro cell-mediated immune response of splenic cells derived from the designated groups.
Before incubation with native or denatured type II collagen, single cell preparations were incubated with saline and complement (diluent) or
anti-Thy 1.2 and complement (aThy 1 + C'). The latter procedure was utilized to remove functional T cells from the preparations. On the
average, 36% of the cells were determined by trypan blue exclusion to be lysed utilizing this methodology. § Antibody concentrations deter-
mined using a solid-phase radioimmunoassay. Values presented as a stimulation index (defined in text)±standard deviation. Antigen incu-
bated wells were performed in triplicate while saline incubated wells were replicated minimally six times. The [3H]thymidine incorporation lev-
els of the nonstimulated cultures for the groups were: group 1, 2,183±771; group 2, 2,532±1,237; group 3, 2,312±1,515. Statistical analysis of
the in vitro cell-mediated immune responses directed toward native and denatured type II collagen were as follows: native type II collagen-
group 1, diluent vs. aThy 1.2 + C', P < 0.01; group 2, diluent vs. aThy 1.2 + C', P < 0.001; group 3, diluent vs. aThy 1.2 + C', P < 0.01;
denatured type II collagen-group 1, diluent vs. aThy 1.2 + C, NS; group 2: diluent vs. aThy 1.2 + C, NS; group 3: diluent vs. aThy 1.2
+ C', P < 0.05. Statistical analysis of the in vitro cell-mediated immune responses for type II collagen was group 1 vs. 3, native and denatured
type II collagen, NS; group 2 vs. 3, native type II collagen, P < 0.05, and denatured collagen, NS. ¶ Concentration of antibody determined by
utilizing binding data from samples of known concentration of specifically purified anti-type II collagen antibodies (see text). The observed re-
duction in concentrations of anti-collagen antibodies to native or denatured type II collagen observed in CIA-suppressed mice is statistically
significant at P < 0.05 and P < 0.02, respectively.
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resulted in the statistically significant reduction of these re-

sponses to nonstimulatory levels (SI: group 1, 0.9±0.5 P

< 0.01; group 2, 0.2±0.1 P < 0.001) indicating cellular

responses were of T cell origin. However, denatured type II

collagen was marginally blastogenic in group 2 (SI: 2.5±1.6),
and this response was reduced to 0.7±0.8 on treatment with

anti-Thy 1.2 and complement. These data indicate only mar-

ginal cell-mediated immune responses to the al1(11) polypeptide
at the concentrations utilized. In vitro cell-mediated immune

responses to native or denatured type II collagen were observed

at a comparatively reduced level in the type II collagen-
preinoculated group. These reduced responses were also abro-

gated by treatment with anti-Thy 1.2 and complement (P
< 0.01I native type II collagen; P < 0.05 denatured type II

collagen) indicating responses of T cell origin. The animals of

the type II collagen-preinoculated group, as noted in Table I,
were observed not to present the fore- and hind paw erythema
and edema associated with collagen-induced arthritis. In ad-

dition, this group of animals was observed to have a significant
decrease (P < 0.05) in the cell-mediated response for native

type II collagen compared only to the type I collagen-inoculated
group (group 2).

The humnoral immune response to native and denatured

collagen is also summarized in Table II. In groups 1 and 2,
which displayed a 100% incidence of arthritis, a relatively high
concentration of serum antibodies to both native and denatured

collagen was observed. The animals in group 3 (nonarthritic)
display reduced concentrations of serum antibodies to both
native and denatured collagens, P < 0.05 and <0.02, respec-

tively.
The results of the pathology score and immune response

to type II collagen taken together indicate that, in the munine
model of CIA arthritis, both antigen-specific cell-mediated and

humnoral immune responses to type II collagen are observed.

Preinoculation with native type I collagen does not modulate

the pathological condition observed or the immune response

to type II collagen. However, preinoculation of DBA/lJ mice

with native type II collagen results in virtually no observable
inflammation with reduced cell-mediated and humoral immune

responses to type II collagen.

Adoptive transfer of CIA
Gross pathology. The observation of antigen-specific suppression
of CIA in the mouse model of CIA led to further experiments
that were designed to establish the cell(s) lineage capable of

immunosuppression of CIA. Table III details the splenic cells

and subpopulations utilized in adoptive transfer experiments.
10 million splenic cells from saline, native type I or native

type II collagen-preinoculated mice, (groups 1, 2, and 3,
respectively, in Table III) were adoptively transferred via the
tail vein to naive mice and subsequently immunized with type
II collagen. As shown in Table III, groups 1 and 2 displayed a

high incidence of inflammation (group 1, 10 of 11I animals or

91% incidence of inflammation; group 2, eight of eight animals
or 100% incidence of inflammation) with extensive involvement
of the left hind paw and right forepaw as indicated by the
inflammation pathology score. In addition, at least one terminal

digit was enlarged in the inflamed paw. However, the animals
that received cells from mice preinoculated with native type
II collagen (Table III, group 3) were observed to have both a

lower incidence of inflammation (5 of 16 animals or 31%) and

a statistically significant lower inflammation pathology score.

For group 1 vs. 3, P values for hind paw left/right and forepaw
left/right pathology scores were: 0.0015; 0.009; not significant
(NS); 0.03, respectively. For group 2 vs. 3, P values for hind

paw left/right and forepaw left/right pathology scores were:

0.0007; 0.0007; NS; NS, respectively. An inflammation score

above 2 was not recorded throughout the observation period

Table III. Adoptive Transfer ofSuppression ofCIA in the Mouse: Gross Pathology*

Pathology score

Inflarnmationt

Hind paw Forepaw
Preinoculation Incidence of Digits

Group (i.v.4t Cells transferred§ inflamnmation"i Left Right Left Right involved"

n

ISaline 1 X 107 whole spleen 10/11 2.3 1.7 0.9 1.9 1.1

2 Native type I*: 1IX 107 whole spleen 8/8 2.3 1.9 0.5 1.3 1.0

3 Native type 11ff 1IX 107 whole spleen 5/16 0.7 0.8 0.4 0.7 0.1

4 Native type 11ff 5 X 105 whole spleen 7/9 1.7 1.1 0.7 1.2 1.0

5 Saline 1IX 107 B cells§§ 7/9 1.4 2.0 0.8 1.0 0.9

6 Native type 11ff 1IX 107 B cells 13/13 1.9 1.4 0.6 1.3 1.1

7 Native type 11ff 1IX 107 thymocytes, 3/15 0.9 0.9 0.3 0.4 0.4

* Animal paws individually scored for arthritis on a scale of 1-5 based on the amount of erythema and edema, distortion, or ankylosis of the

joint. f Mice administered intravenous injection 3 d prior to sacrifice. Spleen was subsequently removed, minced into a single cell suspension,
and adoptively transferred via tail vein. § Quantity and population of cells adoptively transferred via the tail vein 4 d before immunization
with native type 1I collagen emulsified in CFA. Day of initial immunization was designated day 0. '1Number of animals with a recorded pa-

thology score > 1 by day 50 divided by the total number of mice per group at day 50. ¶ Average pathology score for the individual paw of

each mouse in the designated group. ** Average number of enlarged terminal digits per inflamed (score . 1) paw. ff Neutral salt-soluble

collagen isolated and purified as described in the text. §§ Single cell suspensions of splenic cells treated with aThy 1.2 and complement to

remove functional T cells. Less than 5% of the B cells recovered by this procedure could be killed by a second treament of anti-Thy 1.2 plus
complement.
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(day 20-50) for the animals in group 3. In addition, these
animals were observed to have very limited enlargement of
terminal digits on the mildly inflamed paws.

The observed adoptive transfer of suppression of collagen-
induced arthritis by whole spleen cell populations derived
from animals that were preinoculated with native type II
collagen was noted to be dependent on the number of cells
transferred via the tail vein. As shown in Table III (group 4),
500,000 whole spleen cells adoptively transferred from native
type II preinoculated-mice to naive animals resulted in the
observation of collagen-induced arthritis in seven of nine mice
tested. The individual inflammation pathology score ranged
from 0 to 3, indicating a moderate inflammation particularly
apparent in the left hind paw and right forepaw. The observed
pathology scores for these animals were not observed to be
statistically significant compared to the arthritic pathology
scores observed for the animals from groups 1 and 2 in Table
III. In addition, the animals averaged at least one enlarged
terminal digit per inflamed paw.

Groups 5 and 6 in Table III utilized subpopulations of
splenic cells to determine the cell lineage capable of immu-
nosuppression of CIA. Splenic single cell suspensions, depleted
of functional T cells by treatment with aThy 1.2 and comple-
ment, were adoptively transferred via the tail vein to naive
animals. These B cell populations derived from mice preinoc-
ulated with saline or native type II collagen were unable to
suppress CIA. The incidence of inflammation for group 5 was
78%- or seven of nine animals positive for erythema and
palpable edema. The incidence of inflammation for animals
receiving B cell preparations from animals preinoculated with
native type II collagen was 100% (13 positive of 13 animals).
The observed inflammation pathology scores for the animals
in these groups were consistent with the values obtained for
the animals in the control saline group (group 1 in Table III).
On the other hand, the adoptive transfer of 1 X 107 thymocytes
derived from mice preinoculated with native type II collagen
(Table III, group 7) resulted in a significantly reduced incidence
of inflammation (20%, 3 of 15 animals positive for erythema
and palpable edema) and severity ofpaw inflammation observed
in CIA. For group 1 vs. 7, P values for hind paw left/right
and forepaw left/right pathology scores were P 0.005; 0.10;
NS; 0.003. These data taken together indicate that Thy 1-
bearing T cells are necessary for immunosuppression of CIA.

Further studies utilizing radiolabeled native type II collagen
administered intravenously prior to adoptive transfer ruled out
antigen carry-over during cell transfer as the mechanism of
suppression. Although 1% of the administered radioactivity
was observed in the spleen, <0.01% of administered radiolabel
was noted in the single cell suspension of the splenic cells
before injection.

Fig. 1, top panels, illustrates the hind paws of normal,
arthritic (adoptively transferred spleen cells from saline-treated
mice), and suppressed animals (adoptively transferred spleen
cells from type II collagen-treated mice). Fig. 1, bottom panels,
displays the forepaw from animals of the identical groups:
normal, arthritic, and immunosuppressed.

Immune response to type II collagen. The immune response
to native and denatured type II collagen was analyzed in the
chronic arthritic-suppressed and arthritic mice utilized in the
adoptive transfer experiments. A summary of the in vitro cell-
mediated immune responses to native and denatured type II
collagen of these animals is presented in Table IV. The data
for two groups presented (arthritic and suppressed) are reflective

of the respective seven groups analyzed and presented in Table
III. In the CIA group (Table IV, group 1), in which spleen
cells from animals preinoculated with saline were adoptively
transferred, cell-mediated immune responses to native and
denatured collagen were observed (SI: 4.0±1.6 and 3.0±0.8,
respectively). These in vitro immune responses to native and
denatured collagen were abrogated by treatment of the cells
with aThy 1.2 and complement (P values <0.01 and <0.01,
respectively). Suppressed (P < 0.01) cellular responses to native
type II collagen with concomitant similar cellular responses to

denatured type II collagen were observed for the immuno-
therapeutically suppressed group (Table IV, group 2). These
animals, which were recipients of 1 X 107 whole spleen cells
from mice administered 500 jg of native type II collagen
intravenously, displayed in vitro immune response to both
native and denatured collagens which was abrogated by treat-

ment of the cells with aThy 1.2 and complement (P values
<0.01 and <0.001, respectively). These data indicate that the
cellular subpopulation reactive to type II collagen in vitro are
of T cell origin.

Cell depletion studies that utilized antisera to lymphocyte
surface antigens Ly 1 and Ly2 and complement were performed
to determine the phenotype of the functional T lymphocyte
populations responding to native and denatured collagen.
Examination of the functional roles ofT lymphocytes expressing
the Ly 1 and Ly2 surface antigens has shown that splenic cells
can be separated into two functional populations; Lyl'2- T
helper/inducer cells, and Lyl-2', cytotoxic/suppressor cells.
By utilizing the anti-Ly antisera and complement with the
splenic cells responding to type II collagen, it was observed
that treatment of the cells from the immunosuppressed CIA
group with anti-Ly2 and complement abrogated the response
to native and denatured type II collagen (P values for cultures
incubated with either native or denatured collagen, P < 0.001).
This abrogation with Ly2 antisera was not observed in CIA
animals, group I. It can be noted that anti-Lyl and complement
reduced the cellular responses to a nonstimulating level in the
collagen-induced arthritis animals (P < 0.05), indicating the
generation of collagen T helper/inducer cells. However, reduc-
tion of in vitro immune responses to nonstimulatory levels in
cultures containing splenic cells derived from arthritically
suppressed mice was not observed with incubation with
aLy- 1 and complement. Therefore, the T cells (Thy 1 bearing)
observed in vitro in chronic arthritic-suppressed mice portray
the Ly 1-2 phenotype. These latter splenic cells, which can be
generated by intravenous injection of native type II collagen
and reduce the erythema and edema observed in CIA, are
phenotypically T suppressor cells.

Analysis of the serum anti-collagen antibodies of the recip-
ient mice showed that arthritic mice expressing Lyl+2- splenic
helper/inducer T cells contained relatively high serum concen-
trations of antibodies to native and denatured type II collagen.
On the other hand, chronic arthritic-suppressed mice, expressing
Lyl-2 splenic suppressor/cytotoxic T cells, had suppressed
level of serum antibodies to type II collagen. These two groups
of recipient mice, arthritic and suppressed, are represented in
Table IV by groups 1 and 2, respectively. As shown in Table
IV, arthritic (group 1) mice displayed average serum concen-
trations of 7.3±1.3 mg/ml anti-native type II collagen antibodies
and 1.3±0.2 mg/ml anti-al(II) antibodies. These values are
significantly elevated (P < 0.005) compared with the recipient-
suppressed group 2. The average serum concentrations for
these animals were 2.6±0.2 and 0.5±0.1 mg/ml, respectively.
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Figure 1. (Top left) Hind paw of a normal DBA/lJ mouse randomly
chosen from stock. (Top middle) Hind paw of a DBA/lJ mouse with
adoptively transferred 1 X 107 normal spleen cells and subsequently
immunized twice with native type II collagen emulsified in CFA. The

paw was scored 4 on a scale of 1-5 and represents a period of 50 d
after initial injection of type II collagen/CFA. (Top right) Hind paw
of a age-matched DBA/IJ mouse with adoptively transferred 1 X 107
spleen cells derived from mice previously administered 500 jg of
soluble native type II collagen. After cellular transfer the mouse was
immunized twice with native type II collagen emulsified in CFA. The
paw was scored 0 and represents a period of 50 d after initial
injection of type II collagen/CFA. (Bottom left) Forepaw of a normal

It can be noted that, in recipient mice receiving 1 X 107
thymocytes from native type II collagen preinoculated mice
(group 7 in Table III), the serum titers of antibodies to native
and denatured type II collagen were virtually absent at

0.019±0.03 and 0.078±0.04 mg/ml, respectively. These data
could reflect the relative suppressive function of splenic vs.

thymic T cells or, alternatively, represent the limited expression
of "nonpathological" anti-type II collagen antibodies in chronic
arthritically suppressed mice.

Discussion

This study details the initial observation of type II collagen-
specific T suppressor cells functionally capable of suppressing
the erythema and edema of CIA in the mouse. These cells are

generated on intravenous inoculation of soluble native type II

collagen before immunization with smaller amounts of native
type II collagen emulsified in CFA. The type II collagen-
specific T suppressor cells or their precursors are evident in

DBA/IJ mouse randomly chosen from stock. (Bottom middle) Fore-

paw of a DBA/IJ mouse with adoptively transferred I X 107 normal
spleen cells and subsequently immunized twice with native type II
collagen emulsified in CFA. The paw was scored 5 on a scale of 1-5
and represents a period of 50 d after initial injection of type II

collagen/CFA. (Bottom right) Forepaw of a age-matched DBA/IJ
mouse with adoptively transferred I X 107 spleen cells derived from
mice previously administered 500 ,g of soluble native type II colla-
gen. After cellular transfer the mouse was immunized twice with
native type II collagen emulsified in CFA. The paw was scored I and
represents a period of 50 d after initial injection of type II collagen/
CFA.

the spleen and thymus as early as 3 d after intravenous
inoculation as demonstrated by adoptive transfer experiments.
These cells are also specific for epitope(s) on type II collagen
molecules, inasmuch as intravenous inoculation of identical
quantities of native type I collagen proved to be nonsuppressive.
These latter findings are consistent with the antigen-specific
suppression of CIA in the rat (9). Also, the present data
indicate that type II collagen-specific T suppressor cells are

not generated in splenic populations adoptively transferred
subsequent to intravenous injections of type I collagen.

In addition to suppression of the erythema and edema
observed in CIA, the type II-specific suppressor cells influenced
the cell-mediated and humoral immune response to type II

collagen. With regard to cell-mediated immune responses to

type II collagen, in vitro cellular responses to native and
denatured collagen were observed in collagen-induced arthritic
mice. Cellular responses to native type II collagen appear to

be more vigorous and consistent than responses to the al(II)
polypeptide chain and, particularly in the case of adoptive
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Table IV. In Vitro Cell-mediated and Humoral Immune Response to Native
and Denatured Type II Collagen in Immunosuppressed and Arthritic Mice

Cell mediated§

Native type II collagen
Preinoculation

Denatured type II collagen

Group (iv.)* Cells transferred Diluent aThy 1 aLyl aLy2 Diluent aThy I aLyl aLy2 collagen collagen

mg/ml

1 Saline 1 X 107 4.0±1.6¶ 0.9±0.4 1.5±0.7 3.9±0.5 3.0±0.8 1.1±0.3 0.5±0.1 1.8±1.0 7.3±1.3** 1.3±0.2
whole spleen

P value; diluent vs. aThy 1.2 + C' <0.01 <0.01
P value; diluent vs. aLyl + C' <0.05 <0.01
P value; diluent vs. aLy2 + C' NS NS

2 Native I X 107 2.1±0.4 1.1±0.2 1.7±0.4 0.9±0.2 4.0±0.4 1.0±0.3 5.3±0.4 1.0±0.1 2.6±0.2 0.5±0.1
type II collagen whole spleen

P value; diluent vs. aThy 1.2 + C' <0.01 <0.001
P value; diluent vs. aLyl + C' NS NS
P value; diluent vs. aLy2 + C' <0.001 <0.001

* Mice administered inoculation 3 d before killing. t Single cell suspensions adoptive transferred via the tail vein to naive mice. The animals were subsequently
immunized with 100 pg of native type II collagen emulsified in CFA. § In vitro cell-mediated immune response of pooled splenic cell derived from the designated
group before incubation with native or denatured type II collagen, single cell suspensions were aliquoted and treated with either saline, anti-Lyl, anti-Ly2, or anti-
Thy 1.2 and complement. This procedure was utilized to deplete the whole spleen population of the appropriate functional cell(s) lineage. The average number of
cells determined to be functionally depleted as determined by trypan blue exclusion after treatment with the specific antisera and complement were aThy 1, 37%;
aLyl, 22%; aLy2, 7%. 11 Antibody concentrations determined by solid-phase radioimmunoassay. 1 Values presented as an SI (defined in the text)±standard devia-
tion. Antigen incubated wells were performed in triplicate whereas saline incubated wells were replicated minimally six times. The [3H]thymidine incorporation levels
of the nonstimulated cultures were group 1, 4,311 ± 1,023; and group 2, 4,871±2,725. ** Concentrations of antibody determined utilizing binding data from samples
of known concentration of specifically purified anti-type II collagen antibodies (see text). The observed reduction in serum concentration of anti-collagen antibodies
directed to native or denatured type II collagen observed in group 2 recipient mice is statistically significant at P < 0.005.

transfer, were observed to be relatively suppressed. In this
regard, suppressed delayed-type hypersensitivity reactions have
been previously reported (8, 1 1) in rats made tolerant of CIA.
This suppression of cell-mediated values could, however, rep-

resent a difference in proliferative rates of suppressor vs. helper
cells or, alternatively, could reflect the synergistic heterogeneous
activity of a population antigen-specific T helper cells (21, 22).
These observed cell-mediated immune responses could be
abrogated by treatment of the cellular suspensions with aThy 1

plus complement. These observations represent values obtained
in the chronic phase of CIA.

In a previously reported study (3), cell-mediated immune
responses predominantly to denatured type II collagen with
declining cell-mediated responses to both native and denatured
type II collagen in the chronic phase of CIA have been noted.
These data are not consistent with the present data' and may

reflect the varying culture conditions and pulse time or mod-
ulations of the immune response to collagen over the time
course of CIA. It is more likely, however, that this discrepancy
is due to the utilization of adjuvant in the present study for
the induction of CIA. Such methodology would allow for
sustained retention of the immunogen in situ and sustained
chronic cell-mediated immune responses to collagen. To
this point, it is unknown whether the presently reported
cell-mediated immune responses represent sustained stable

cell-mediated responses or reflect declining responses in

chronic CIA.
Present studies detailing the adoptive transfer of suppression

of CIA in the murine model of CIA indicated that cell-
mediated immune responses to native type II collagen were

reduced in mice preinoculated with type II collagen compared
with the CIA group. Cell-mediated immune responses to the

al(II) polypeptides were comparable, however, in each group.

Additional studies that utilized spepific antisera to lymphocyte

surface antigens showed that the cell-mediated immune re-

sponses to the different antigenic determinants of the collagen
molecule were derived from the same T cell subpopulation
and that different T cell subpopulations were responding in
CIA mice and mice suppressed for CIA. The cellular population
of T cells in chronic, arthritically suppressed mice responding
to in vitro incubation of native or denatured type II collagen
were phenotypically Lyl-2+. In addition, no significant Lyl+
responses were observed in cultures derived from the arthriti-
cally suppressed mice. On the other hand, the cellular popu-

lation of T cells responding to native or denatured collagen in
the arthritic type II group was phenotypically Lyl+ cells. These
data indicate that two phenotypically distinct T cell subgroups
can be generated in response to inoculation with native type
II collagen. Therefore, type II collagen-induced T suppressor

cells are observed in immunotherapeutically suppressed mice
whereas the splenic cell-mediated immune response in collagen-
induced arthritic mice is composed of T-helper/inducer cells.
The observation of collagen-specific T helper cells has previously
been reported (23) and the role of T helper cells in initiation
and maintenance of arthritis is under investigation (24).

With regard to the humoral immune response to type II

collagen, arthritic mice displaying Lyl +2- splenic helper/inducer
T cells were observed to contain relatively high serum concen-

trations of antibodies to both native and denatured type II
collagen. However, mice suppressed with regard to the erythema
and edema observed with CIA and expressing Lyl-2' splenic
suppressed/cytotoxic cells had comparatively lower serum con-

centrations of antibodies to native and denatured collagen.
These data could reflect the expression of anti-collagen anti-

bodies below a pathological level representing a threshold

phenomena required for expression of CIA. Alternatively,
antibody populations expressed in arthritically suppressed an-

imals could represent a restricted expression of nonpathological
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antibodies, that is, for instance, antibodies comprised of a
subclass that does not bind complement effectively. In addition,
these animals could reflect a release from the suppressed state
and the antibodies could be representative of early immunologic
events of CIA. Further studies are required to establish the
nature of these antibodies to type II collagen.

The immune response to type II collagen in CIA mice and
CIA-suppressed mice can be summarized as follows. The
generation of T suppressor cell in CIA-suppressed mice results
in cell-mediated immune responses of the Lyl 2' phenotype
with concomitant suppressed (nonobserved) Lyl2- responses
and serum anti-collagen antibody concentrations. On the other
hand, CIA mice do not display Lyl-2' T cell responses, but
are observed to have Lyl +2- T cell responses and comparatively
high serum anti-type II collagen antibodies.

The generation of suppressor T cells in mice treated with
a single large dose of antigen was first demonstrated by
Gershon and Kondo (25) and was termed infectious tolerance.
In these studies, T cells were observed to transfer unrespon-
siveness to sheep erythrocytes in naive animals. In numerous
other experimental systems (26-28), where immunologic tol-
erance was induced by administration of high doses of soluble
antigen, antigen-specific suppressor T cells have been identified.
From these and other studies (29-31), regulatory circuits
composed of T cells expressing characteristic surface markers
associated with genetically determined function have been
described. The circuits 'are composed of inducer T cells of
phenotype Lyl'2-, Qal', I-J+ (cells analogous to T helper
cells with regard to Lyl phenotype; however, recent fluoro-
metric studies have indicated that Lyl is present in most, if
not all, T lymphocytes (32, 33) with low density Lyl T cells
previously designated Lyl-). These Lyl+ helper/inducer cells
modulate the expression of Lyl'2', l-J+, Qal+ cells, which
differentiate or activate Lyl 2' I-J+/- effector/suppressor cells.
The latter cells may inhibit the function of Lyl+ helper cells
and Lyl+ inducer cells. These Ly 1-2 efferent suppressor cells
are the population of T cells presently identified in chronically
(day 50) suppressed collagen-induced arthritic mice. Such
regulatory effector cells are postulated to secrete antigen-
specific suppressor factors (34-38), which mediate the sup-
pressive effects of these cells. Present ongoing studies are
investigating the nature of collagen-specific suppressor factors.

Numerous studies have been undertaken to establish the
factors that determine whether the administration of antigen
leads to a state of unresponsiveness or a primary immune
response. It is apparent that prominent factors influencing the
host response are the dose of antigen, physiochemical properties
of the antigen, and presentation of antigen. With regard to
route of antigen presentation, extensive studies indicate that
avenues that avoid immunization tend to favor tolerance
induction. Presentation of antigen intradermally induces contact
sensitivity whereas intravenous injection of antigen results in
tolerance (39, 40). Studies utilizing doses of antigen greater
than the usual immunizing range have shown that these
conditions generally tend to induce unresponsiveness to antigen
(41-43). As a general rule, these studies indicate that the larger
the dose the greater degree of unresponsiveness and the longer
its duration. Cell-transfer experiments (44) have shown that
high-dose tolerance reflects unresponsiveness of both T helper
cells (Lyl 2-) and B cells. Induction of a state of tolerance is
also dependent on the time of presentation before or after
antigenic challenge (9). Investigations using extensive periods
of time before or after challenge have reported difficulty in

inducing tolerance (46, 47). A final factor, the physical prop-
erties of antigens can influence the capacity to induce immunity
or unresponsiveness. Dresser (43, 45) has shown a differential
effect for soluble protein fraction in comparison to aggregated
fractions in the induction of a state of unresponsiveness.

The induction and maintenance of tolerance to type II
collagen can be relevant immunotherapeutically to certain
forms of arthritis. The association of both humoral and cell-
mediated immune responses to the genetically distinct inter-
stitial collagens, in particular, type II collagen in patients with
rheumatoid arthritis (48) and the observation of mammalian
CIA (49, 50) suggests that antigen-specific suppression of the
immune response to collagen could be utilized to abrogate
arthritis.

Note added in proof The authors acknowledge a recent publication
(Wooley, P. H., H. S. Luthra, C. J. Krco, J. M. Stuart, and C. S.
David. 1984. Type II collagen-induced arthritis in mice. II. Passive
transfer and suppression by intravenous injection of anti-type II
collagen antibody or free native type II collagen. Arthritis Rheum. 27:
1010-1017) showing, in part, the antigen-specific suppression of collagen
arthritis in the mouse.
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