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Summary

Delayed-type hypersensitivity (DTH) is an immune reaction induced by
antigen. In the mice footpads at which DTH is elicited, transient swellings
which usually peaks at 24-48 h after the antigen challenge are observed. We
found that the footpad swellings of mice are sustained for at least 7 days
after the antigen challenge if the mice were injected with anti-type II
collagen monoclonal antibody (anti-CII MoAb) before the antigen chal-
lenge. A histological section of the swelled hindpaw revealed that severe
joint inflammation and bone destruction was induced. These features were
not observed in the footpads of the DTH-induced mice. Analysis of the
inflammatory reaction induced by both the DTH and the anti-CII MoAb
injection, here named as DTH arthritis, revealed the following: (1) DTH
arthritis is elicited in an antigen-specific manner; and (2) the development
of DTH arthritis is mediated by antigen-specific T cells, especially CD4*
T cells.
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Introduction

Rheumatoid arthritis (RA) is a progressive, destructive sys-
temic autoimmune disease [1]. Autoantibodies against type
IT collagen are reported to be detected in some RA patients
[2]. It is not understood precisely how antibodies against
type II collagen are involved in the progression of RA. On
the other hand, antibodies against type II collagen are uti-
lized for the induction of arthritis in animal model in anti-
type II collagen antibody-induced arthritis (CAIA) [3],
which is the model induced by an injection of mixtures of
anti-type II collagen monoclonal antibody (anti-CII
MoADb) and subsequent lipopolysaccharide (LPS) injection.
In our previous study, we observed that arthritis could be
induced by injecting a mixture of recombinant proteins of
tumour necrosis factor-o. and interleukin-1f instead of LPS
into mice footpads after an anti-CII MoAb injection [4].
The injection of these recombinant cytokines alone caused
only transient footpad swelling but not arthritis [4]. We
also observed anti-CII MoAb localized on the surface of the
cartilage in the joint tissue, and revealed that its Fc portion
is indispensable for the development of CAIA [4]. These
observations led to the hypothesis that the anti-CII MoAb
forces a transient inflammatory stimulation to develop a
chronic inflammation at the joint tissue, where anti-CII

MoADb has been observed to be localized [4]. To test this
hypothesis, we induced delayed-type hypersensitivity
(DTH) in mice footpads as a transient inflammation in this
study.

It is well known that DTH is the immune response medi-
ated by T cells [5]. T cells activated by antigen-presenting
cells release cytokines and chemokines which stimulate vas-
cular endothelial cells to enhance permeability and induce
phagocytes infiltration and body fluid accumulation at the
site of the DTH reaction [6]. The DTH reaction is usually
tranquillized after a few days. Even if a DTH reaction has
occurred in the footpad, this reaction might not lead to
arthritis characterized by chronic synovial joint inflamma-
tion, including synovial hyperplasia, infiltration of inflam-
matory cells, fibrin deposition and erosion of cartilage and
bone [1].

In the present study, we found that the administration of
anti-CII MoADb sustained the footpad swelling of mice
caused by the DTH reaction and induced severe arthritis. We
named this sustained inflammation DTH arthritis, and
showed that antigen-specific T cells are required for the
induction of arthritis. Considering these results, it is specu-
lated that anti-CII MoAb has an important role in the sus-
tenance of inflammatory reactions induced by cell-mediated
immune response.
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Materials and methods

Animals

Male BALB/cAnNCrj (BALB/c) mice, C.B-17/lcr-scid (scid/
scid) mice and the corresponding control, C.B-17/lcr-**
("*control) were purchased from Charles River (Tokyo,
Japan). All mice were purchased at the age of 5-6 weeks,
housed at Sankyo Laboratories (Tokyo, Japan), and given a
standard rodent chow diet and water ad libitum. All animal
experiments were approved by the Institutional Animal Care
and Use Committee of Sankyo Co. Ltd (Tokyo, Japan). We
used BALB/c mice in this study because BALB/c mice
develop DTH easily in the footpad and because it is conve-
nient for comparison with our previous studies about CAIA,
in which BALB/c mice were used [4,7,8].

Reagents

Arthritogenic MoAb mixture was purchased from
Immuno-Biological Laboratories (Gunma, Japan). Methy-
lated bovine serum albumin (mBSA) was purchased from
Sigma (St Louis, MO, USA). Key-hole limpet haemocyanin
(KLH) was purchased from Calbiochem (Darmstadt,
Germany). Complete Freund’s adjuvant (CFA) containing
Mpycobacterium tuberculosis H37Ra was purchased from
Difco Laboratories (Detroit, MI, USA). Magnetic cell
sorting (MACS) beads coupled to anti-CD4, anti-CD8 and
anti-B220 MoAbs were purchased from Miltenyi Biotech
(Sunnyvale, CA, USA).

Induction of arthritis in mice

The mice were immunized intradermally with emulsified
mBSA in an equal amount of CFA at two sites on the
abdomen (0-25 mg/body). For DTH arthritis induction, the
mice were injected intravenously with anti-CII MoAb solu-
tion (0-5 mg/0-5 ml/body) 4 days after the immunization.
DTH or DTH arthritis was elicited in the mice by challeng-
ing mBSA solution (0-05 mg/0-05 ml/footpad) subcutane-
ously in saline into the right footpad 7 days after
immunization. As a control, the left footpad was challenged
with a comparable volume of saline. For the induction of
DTH arthritis in SCID mice, anti-CII MoAb solution (1 mg/
0-5 ml/body) was injected. In this study, the day of the
antigen challenge was designated as day 0, and anti-CII
MoAb was given as a single injection.

Clinical assessment of arthritis and measurement
of hindpaw thickness

The mice were observed carefully for swelling of the hind-
paws as a sign of arthritis each day after arthritis induction
by antigen challenge or LPS injection. The severity of the
arthritis was graded on a 0-3 scale as follows: 0, normal; 1,

swelling of one digit; 2, swelling of two digits or more or
swelling of the ankle or wrist; 3, severe swelling of the
entire paw. The degree of hindpaw swelling was evaluated
as the net increase in hindpaw thickness (4mm) attribut-
able to the challenge calculated by subtracting an increase in
the thickness of the right hindpaw from an increase in the
thickness of the left hindpaw. The hindpaw thickness (mm)
was measured using a dial thickness gauge (Ozaki
seisakusho). Statistical significance was determined by a
non-parametric Dunnett’s test for the clinical score and
hindpaw thickness.

Histopathology

For the histopathology examinations, DTH arthritis was
induced in the mice as described above. The DTH arthritis-
induced mice were killed on days 1 and 7 and the hindpaws
were removed by cutting them between the knee and ankle.
The cut hindpaws were fixed in phosphate-buffered saline
(PBS) containing 10% formaldehyde and decalcified in 10%
ethylenediamine tetraacetic acid (EDTA) and embedded
in paraffin. The hindpaws were sliced horizontally to the
footpad to make sections, and the sections were stained with
haematoxylin and eosin. Evaluations were carried out on the
synovial tissues, bone and the cartilage tissues of the tarsal
joints. With regard to the synovial tissues, scoring was per-
formed for the following events: oedema, congestion and/or
haemorrhage, presence of debris in the cavity, deposition of
fibrin, infiltration of neutrophils, infiltration of macroph-
ages, infiltration of lymphocytes, infiltration of blood
plasma cells, proliferation of fibroblasts, proliferation of
papilla (villi) and proliferation of synovial cells. With regard
to the bone and cartilage tissues, scoring was performed for
detachment of chondrocytes, destruction of bone tissues,
increase of osteoclasts and ostitis and/or periostitis. The
scoring was conducted as follows: —, normal;+, slight
change; + +, mild change; + + +, severe change. Scoring was
performed as a blind test.

Adoptive transfer of DTH arthritis into SCID mice

B220*, CD8" or CD4" cells were depleted from BALB/c sple-
nocytes using immunomagnetic beads conjugated with
MoAbs to B220, CD8 or CD4, according to the manufactur-
er’s instructions. Briefly, splenocytes were washed in
MACS buffer (PBS without Mg and Ca* supplemented
with 2 mM EDTA and 0-5% BSA) and incubated for 20 min
at 4°C with immunomagnetic beads conjugated with MoAbs
against B220, CD8 or CD4. The cells were passed through
MACS columns (Miltenyi Biotech), and any magnetically
negative cells which passed through the columns were
collected. The percentage of B220*, CD8" or CD4" cells
remaining in each of the collected cells was less than approxi-
mately 3%. The collected cells were injected intravenously
into SCID mice (1 x 107 cells/0-5 ml/body). The next day the
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SCID mice were immunized with mBSA, and DTH arthritis
was induced as described above.

Results

Administration of anti-CII MoAb sustains footpad
swelling of mice caused by a DTH reaction and induces
severe arthritis

In the group of DTH-induced mice, the clinical score
reached maximum on day 1 and decreased gradually on days
3-5 (Fig. 1a); the paw thickness reached maximum on day 1
and gradually decreased on days 3—7 (Fig. 1b). In contrast, in
the group of mice injected with anti-CII MoAD 3 days before
mBSA injection, the clinical score reached maximum on day
1 and was maintained until day 7 (Fig. la) and the paw
thickness was sustained from days 1-7 (Fig. 1b). A represen-
tative photograph of the hindpaw shows that similar swelling
was observed in both groups on day 1 (Fig. 1d,e). However,
on day 7, the paw swelling was still observed in the group of
mice injected with anti-CII MoAb (Fig. 1g), while the swell-
ing subsided to almost the same extent as the normal mice in
the group of DTH-induced mice (Fig. 1c,f). We did not
inject the isotype control antibody into the DTH-induced
mice. However, injection of the control antibody would not
influence critically the swelling induced by the DTH reac-
tion, judging from our previous study [7]. These results have
shown clearly that injection of anti-CII MoAb before the
antigen challenge prolonged significantly the paw swelling of
DTH-induced mice.

Next, we investigated histological sections of the tarsal
joints of the mice in both groups on days 1 and 7. On day 1,
inflammatory events such as oedema and infiltration of neu-
trophils were observed in the synovial tissue in both groups
(Fig. 11,j, Table 1). The severities were similar in both
groups. On day 7, in the group of DTH-induced mice all the
severities observed were only mild, and amelioration was
observed in many of these inflammatory events (Fig. 1k,
Table 1). It appears that the inflammation status would begin
to subside toward that of normal mice (Fig. 1h). However, in
the group of mice injected with anti-CII MoAb, inflamma-
tory events were still observed on day 7 and the severities
became more severe or sustained compared with those on
day 1 (Fig. 11, Table 1). In particular, proliferation of fibro-
blasts and neutrophil infiltration were prominent in all three
mice (Fig. 11, Table 1). Furthermore, it is noteworthy that
inflammation such as ostitis, periostitis and increase of
osteoclasts were observed in the bone and cartilage tissues in
only the group of mice injected with anti-CII MoAb.

As a result of these observations, it was shown that the
transient inflammation induced by a DTH reaction in mice
footpads developed into arthritis by an anti-CII MoAb
injection. It appeared that this arthritis development is due
to the synergistic effects of both the DTH reaction and the
anti-CII MoAb injection. The histological features seem to

have similarities to those of human RA in that inflammation
such as proliferation of fibroblasts and destruction of the
bone and cartilage tissues were observed [1]. We designated
this arthritis as DTH arthritis and investigated this arthritis
model as described below.

Antigen specificity in the development of DTH
arthritis

To confirm antigen specificity in DTH arthritis the mice
were immunized with mBSA or KLH, and then challenged
with mBSA or KLH into their footpads. The mBSA-
immunized mice developed DTH arthritis as a result of the
mBSA challenge but not the KLH challenge, as judged by
both the clinical scores (Fig.2a) and paw thickness
(Fig. 2b). In contrast, KLH-immunized mice developed
DTH arthritis as a result of the KLH challenge but not the
mBSA challenge, as judged by both clinical score (Fig. 2¢)
and paw thickness (Fig. 2d). These results indicate that the
induction of DTH arthritis could be induced in an antigen-
specific manner.

Involvement of CD4* T cells in the development
of DTH arthritis

To investigate what kinds of cells are required for the devel-
opment of DTH arthritis, we induced DTH arthritis in SCID
mice that lack both T and B cells. As shown in Fig. 3a, SCID
mice were completely resistant to DTH arthritis. To confirm
the requirement of T or B cells or both in the development of
DTH arthritis, we used reconstituted SCID mice. As a result,
the SCID mice reconstituted with splenocytes of BALB/c
mice developed both DTH and DTH arthritis (Fig. 3b.c), but
SCID mice reconstituted with the splenocytes of SCID mice
did not (Fig. 3b,c). These results indicate that T or B cells are
probably involved in the development of DTH arthritis. Fur-
thermore, to identify the cell populations that contribute to
the development of DTH arthritis, we reconstituted SCID
mice with splenocytes of BALB/c mice from which B220%
CD8* or CD4" cells had been depleted, and induced DTH
arthritis in the SCID mice. Mice reconstituted with spleno-
cytes depleted of CD8* or B220" cells developed DTH arthri-
tis to the same extent as did the mice reconstituted with
undeleted splenocytes (Fig. 4a,b). However, in the group of
mice reconstituted with splenocytes depleted of CD4" cells,
DTH arthritis development was suppressed significantly
compared with the group of mice reconstituted with unde-
leted splenocytes (Fig. 4c). These results indicated that CD4*
but not CD8" or B220" cells might be involved in the devel-
opment of DTH arthritis.

Discussion

In the present study, we have shown that an injection of
anti-CII MoAb before a DTH induction in the footpads of
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Fig. 1. Administration of anti-CII monoclonal antibody (MoADb) sustains footpad swelling of mice caused by a delayed-type hypersensitivity (DTH)
reaction and induces severe arthritis. Clinical score (a) and paw thickness (b) of mice induced with DTH or DTH arthritis. The mice were
immunized intradermally with methylated bovine serum albumin (mBSA) (0-25 mg/body). Four days after immunization, the mice were injected
intravenously with anti-CII MoAb (0-5 mg/0-5 ml/body) for DTH arthritis induction. Seven days after the immunization, DTH (O) or DTH
arthritis (DTH-arth) (A) was elicited in the mice by challenging mBSA into their right footpads (0-05 mg/0-05 ml/footpad). As a control, their left
footpads were challenged by saline. As described in Materials and methods, the severity is represented by the clinical score and paw thickness. The
data were expressed as the mean = s. e.m. of the five mice in each group. The clinical score and paw thickness of the DTH arthritis-induced mice
was significantly different from those of the DTH-induced mice (**P < 0-01). Representative photographs of the footpad (c—g) and the histological
sections of the tarsal joints stained with haematoxylin and eosin (h-1) in mice are shown. Normal mice (c and h), the DTH-elicited mice 1 day (d
and 1) or 7 days (f and k) after the mBSA challenge, the DTH arthritis-elicited mice 1 day (e and j) or 7 days (g and 1) after the mBSA-challenge.
The photographs and the sections, except ¢ and h, were from the mBSA-challenged footpads.

mice prolonged significantly the inflammation of DTH, and According to histopathological examination, the inflam-
arthritis was developed (DTH arthritis) (Fig. 1). We have mation of the synovial tissues was sustained in DTH arthri-
also shown that the development of DTH arthritis is medi- tis, while it seemed to be transient in DTH (Fig. 1, Table 1).
ated by CD4" T cells (Fig. 4c¢). In DTH arthritis the proliferation of fibroblasts and
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Table 1. Histological examination of tarsal joints of delayed-type hypersensitivity (DTH) or DTH arthritis-induced mice.*

DTH DTH arthritis
Day 1 Day 7 Day 1 Day 7
1 2 3 1 2 3 1 2 3 1 2 3
Synovial tissues
Oedema ++ + ++ - - - ++ ++ -+ ++ ++ ++
Congestion and/or haemorrhage + - + - - - + - + + + +
Presence of debris in the cavity + ++ ++ + + + +++ ++ +++ +++ ++ ++
Deposition of fibrin + ++ - - - - + + ++ + ++
Infiltration of neutrophils + +H+ + + - + ++ + ++ -+ +H+ -+
Infiltration of macrophage cells - + + - - + + + + + + +
Infiltration of lymphocytes - - - - - - = - - - + _
Infiltration of blood plasma cells + + + + + + + + + + + +
Proliferation of fibroblasts + + + - - + + -+ + -
Proliferation of papilla (villi) - + - + + + + - + ++ + +
Proliferation of synovial cells + + - + + - - - + + + +
Bone and cartilage tissues

Detatchment of chondrocytes - - - - - - - - - — + +
Destruction of bone tissues - - - - - - - - — + + _
Increase in osteoclasts - - - — — - - — — + + +
Ostitis and/or periostitis - - - - - - - - - ++ ++ 4+

*DTH or DTH arthritis was induced using the same procedure as in Fig. 1. Three mice were killed on days 1 and 7, and histological sections were

made. The severity of each inflammatory event in the synovial tissues, bone and cartilage tissues was graded as follows: —, normal; +, slight change; + +,

mild change; + + +, severe change.

neutrophil infiltration became more severe, and the destruc-
tion of bone and cartilage tissues was observed 7 days after
the antigen challenge (Fig. 1, Table 1). These histological fea-
tures are also observed in human RA [1]. However, there
seem to be some differences in the histological features
between DTH arthritis and human RA. For example, the
formation of pannus and lymphoid follicles, which are char-
acteristics of human RA [1], were not observed in DTH

)
~

Fig. 2. Antigen-specific induction of (

*%

delayed-type hypersensitivity (DTH) arthritis. 3
The mice were immunized intradermally with
methylated bovine serum albumin (mBSA) (a,
b) or KLH (c, d) (0-5 mg/body). Four days after
the immunization, the mice were injected

Clinical score
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group. The clinical score and the paw thickness
of the mBSA- or KLH-challenged mice was
significantly different from those of the KLH- 0
or mBSA-challenged mice, respectively

(*P < 0-05; **P < 0-01).
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arthritis (data not shown). Even though there might be some
differences, the pathogenesis of DTH arthritis seems to have
many similarities to that of human RA.

We have shown that inflammation of DTH is significantly
prolonged by the injection of anti-CII MoAb. However, we
did not investigate how the presence of anti-CII MoAb
induces prolonged inflammation in DTH arthritis. We have
examined previously the effect of anti-CII MoAb injection
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Fig. 3. Requirement of T or B cells in delayed-type hypersensitivity
(DTH) arthritis. DTH arthritis was induced in C,B-17/lcr-scid (SCID)
mice (A) and the corresponding control C.B-17/lcr-"* mice (O) (a),
as described in Materials and methods. One day before immunization,
the SCID mice were reconstituted with the splenocytes (1 x 107
cells/body) derived from BALB/ ¢ (O) or SCID mice (A), and then
DTH (b) or DTH arthritis (c) was induced, as described in Materials
and methods. The severity is represented by the clinical score as
described in Materials and methods. The data were expressed as the
mean =* s.e.m. of the five mice in each group. The clinical score of
control C.B-17/lcr-** or BALB/c mice was significantly different from
those of SCID mice (*P < 0-05; **P < 0-01).

alone and observed only slight infiltration of neutrophils and
macrophages in the joint tissue 3 days after the anti-CII
MoAb injection (2 mg/body) [8]. The amount of anti-CII

MoAD used in the present study was less than 2 mg/body, and
therefore the anti-CII MoAb injection alone might have
induced very slight inflammatory changes in the joint tissue
without swelling. Accordingly, DTH arthritis might be
induced by the synergistic effect of both the anti-CII MoAb
and DTH reactions. Among many arthritis models, CAIA is
known to be a mouse arthritis model induced with anti-CII
MoADb [3]. Because the anti-CII MoAD used in this report is
the same antibody used in our previous report about CAIA
[4,7,8], it is considered that there might be some similarities
in pathogenesis between DTH arthritis and CAIA. In CAIA, it
was shown that Fcy receptors are indispensable for the devel-
opment of arthritis [4]. Fcy receptors are expressed on neu-
trophils, macrophages, mast cells, dendritic cells, B cells, and
so on [9]. Among these cells, neutrophils are shown to be
involved in the development of CAIA [8]. In DTH arthritis,
neutrophils were observed to be infiltrated into the synovial
tissues (Table 1). It is possible that neutrophils are also
involved in DTH arthritis, as reported in CAIA. Activation of
signalling from Fcy receptors on neutrophils might contrib-
ute to the development of DTH arthritis by promoting their
lifespan [10] or enhancing the production of inflammatory
mediators [11].

It has been reported that SCID mice develop CAIA
although they lack both T and B cells. As the kinds of cell
population that participate in DTH arthritis are unknown,
we examined whether DTH arthritis is induced in SCID
mice. We showed that SCID mice did not develop DTH
arthritis (Fig. 3a); however, after the transfer of the spleno-
cytes of BALB/c mice into SCID mice they did develop DTH
arthritis (Fig. 3c). Among the cell populations of spleno-
cytes, we showed that B cells might not be involved (Fig. 4a).
This is in contrast to previous reports that B cells are
involved in the development of a collagen-induced arthritis
model (CIA) [12]. In CIA, B cells contribute to the induction
of CIA by producing anti-collagen antibody [12]. In DTH
arthritis, it is considered that B cells might be dispensable as
anti-CII MoAb is supplied by injection. Next we addressed
the involvement of T cells, as it has been reported that T cells
are involved both in the pathogenesis of human RA and in
animal arthritis models [13]. First, we showed that CD8"
cells might not be involved (Fig. 4b). Although CD8" cells are
reported to contribute to the pathogenesis of autoimmune
diseases such as those found in non-obese diabetic mice [14],
a different cell population seemed to be participating in
DTH arthritis induction. We then showed that CD4" cells are
important for the development of DTH arthritis (Fig. 4c).
However, the development of DTH arthritis was not
suppressed completely by reconstitution with CD4*
cell-depleted splenocytes (Fig. 4c). This is because other
cell populations in CD4" cell-depleted splenocytes might
contribute to the DTH arthritis development.

In this report, we have shown an animal arthritis model
induced by both anti-CII MoAb injection and DTH
elicitation. The requirement of both anti-CII MoAb and
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CD4* cells is characteristic of this arthritis model. According
to histological observation, the pathogenesis of DTH arthri-
tis might have similarities to that of human RA. We did not
elucidate the detailed mechanism of the development of
DTH arthritis in this study. Further studies on DTH arthritis
might provide an insight into the pathogenesis of RA.
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Fig. 4. Requirement of CD4" cells but not CD8" cells and B220" in
the development of delayed-type hypersensitivity (DTH) arthritis.
B220* (a), CD8" (b) or CD4" (c) cells were depleted from splenocytes
of BALB/c mice using immunomagnetic beads conjugated with
monoclonal antibodies (MoAb) to B220, CD8 and CD4, as described
in Materials and methods. Then these depleted splenocytes (A) or
undepleted splenocytes (O) were transferred adoptively (1 x 107
cells/0-5 ml/body) into SCID mice. The next day, the SCID mice were
immunized with methylated bovine serum albumin (mBSA)

(0-5 mg/body). Four days after the immunization, the mice were
injected intravenously with anti-CII MoAb (1 mg/0-5 ml/body). Seven
days after the immunization, DTH arthritis was elicited in the mice by
challenging mBSA into the footpad (0-05 mg/0-05 ml/footpad). The
clinical scores were graded, as described in Materials and methods.
The data were expressed as the mean * s.e.m. of the five mice in each
group. The clinical scores of the SCID mice reconstituted with the
CD4* cell-depleted splenocytes were significantly different from those
of the SCID mice reconstituted with the undepleted splenocytes

(*P < 0-05; **P < 0-01).
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