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Abstract

The oral administration of 3 ug but not 300 ug of type II collagen (CII) significantly suppressed adjuvant
arthritis in rats that was induced by immunization with Mycobacterium tuberculosis. Feeding 5000 units of type
I interferon was also effective in downregulating the disease. More suppression of adjuvant arthritis was
observed when both CII and interferon were orally given. Delayed-type hypersensitivity responses to M.
tuberculosis were inhibited in interferon- but not in CII-fed animals. There were no delayed responses to CII in
M. tuberculosis-immunized rats fed either CII or interferon. However, the delayed response to M. tuberculosis
plus CII was significantly reduced by CII as well as interferon given orally. Feeding both CII and interferon was
more effective in suppressing the delayed responses to M. tuberculosis plus CII. A similar suppression was ob-
served in proliferative responses of lymph-node cells to M. tuberculosis, CII, or M. tuberculosis plus CII in-vitro.

These results suggest that the suppression of adjuvant arthritis by oral administration of CII is due to tolerance
to CII in which a bystander suppression mechanism appears to be involved. Orally administered interferon seems
to suppress nonspecifically cellular immune responses. The oral administration of CII in combination with
interferon may be a novel way to treat T cell-mediated diseases.

Adjuvant arthritis in rats, which resembles human rheumatoid
arthritis in certain respects, can be induced by immunization
with Mycobacterium tuberculosis (Pearson 1956; Pearson &
Wood 1963). Adjuvant arthritis also can be passively trans-
ferred to naive normal rats with lymph node or spleen cells from
animals with adjuvant arthritis (Pearson & Wood 1964), or T
cell clones specific for M. tuberculosis (van Eden et al 1985),
suggesting that autoimmune responses to joint components
including cartilage proteoglycan that cross-react with M.
tuberculosis are involved in the pathogenesis of the disease (van
Vollenhoven et al 1988).

Oral administration of antigen induces a state of immuno-
logical unresponsiveness, termed oral tolerance. Recent studies
showed that orally fed type II collagen (CII) suppressed col-
lagen-induced arthritis in rats (Thompson & Staines 1985) and
mice (Nagler-Anderson et al 1986) that was induced by
immunization with CII. In contrast, adjuvant arthritis and
delayed-type hypersensitivity responses to the disease-causing
antigen M. tuberculosis are not affected by feeding M. tuber-
culosis, indicating that no oral tolerance to M. tuberculosis is
induced (Higgins & Weiner 1988). However, adjuvant arthritis
is significantly downregulated by oral CII, although a
mechanism of the disease suppression remains to be elucidated.

Type I interferon downregulates proliferative responses in-
vitro (Derbyshire 1991) and oral administration of interferon
has been shown to suppress experimental autoimmune ence-
phalomyelitis in animals that is induced by immunization with
myelin basic protein (Burns et al 1993). Thus, orally fed
interferon also may modulate adjuvant arthritis.

In the present study we show that interferon as well as CII
administered orally suppressed the development of adjuvant
arthritis. In addition, feeding CII in combination with interferon
was more effective in suppressing the disease than giving CII or
interferon alone. The delayed-type hypersensitivity and pro-
liferative responses to M. tuberculosis plus CII, but not to M.
tuberculosis alone were inhibited in CII-fed rats, suggesting that

bystander suppression may be the mechanism by which adju-
vant arthritis is downregulated by the fed antigen.

Materials and Methods

Animals

Inbred female Lewis rats, 120-130 g, were obtained from
Charles River Japan, Inc. (Shiga, Japan). They were housed two
per cage and had free access to a standard rodent chow and
water.

Induction of adjuvant arthritis

Adjuvant arthritis was induced by an intradermal injection into
the tail base of 0-1 mL complete Freund’s adjuvant containing
10 mg mL~! M. tberculosis (H73Ra; Difco Laboratories,
Detroit, Ml, USA). To evaluate the severity of arthritis, the
lesions of the four paws were each graded from 0 to 4 according
to the increasing extent of erythema and oedema of the peri-
articular tissue as described by Wood et al (1969). The max-
imum possible score is 16.

Administration of CII and interferon

Three or three hundred micrograms CII extracted from native
calf articular cartilage (Funakoshi Co., Tokyo, Japan), dissolved
in 1 mL 0-01 M acetic acid, or 5000 units of rat type I (a/f)
interferon (Lee Biomolecular Research Inc., San Diego, CA,
USA), dissolved in 1 mL phosphate-buffered saline, was orally
administered through a syringe fitted with an 18G ball-point
needle on days —5, —4, —3, —2, and —1 before immuni-
zation with M. tuberculosis. One millilitre of 0-01 M acetic acid
and 3 ug of hen egg lysozyme were given at the same time as
controls.

Measurement of delayed-type hypersensitivity
Twenty micrograms of M. tuberculosis, CIl, or both M. tuber-
culosis and CII dissolved in 50 ul. 0-001 M acetic acid was
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subcutaneously injected into the right ear of rats immunized
with M. tuberculosis on day 10. As a vehicle control, 50 uL
0-001 M acetic acid alone was injected into the left ear. The
thickness of the right and left ears were measured using dial
gauge calipers calibrated with 0-01 mm graduations (Ozaki
MFG Co., Tokyo, Japan) immediately before and 48 h after the
challenge injection of M. tuberculosis, CII or both M. tuber-
culosis and CII. There was minimal ear swelling after 48 h in
response to M. tuberculosis or CII in nonimmunized rats. The
increase in left ear thickness was subtracted from the increase in
right ear thickness, to determine swelling attributable to the
specific response to antigen.

Proliferation assay

Ten days after immunization with M. tuberculosis, rats were
killed, the inguinal lymph nodes were removed, and single cell
suspensions were prepared. To each microwell was added
5 x 107> cells in 0-1 mL RPMI 1640 containing 2% gluta-
mine, 1% penicillin/streptomycin, 5 x 10™> M mercaptoetha-
nol, and 1% autologous rat serum, followed by addition of
0-1 mL 5 ug mL~" M. tuberculosis, 20 ug mL~" CII, or both
5 pug mL~' M. tuberculosis, 20 ug mL™"' CIL The cells were
cultured for 72 h, each well was pulsed with 0-5 uCi tritiated
thymidine, and cells were cultured for another 16 h. Cultures
were harvested onto fibreglass filters using a multiharvester and
counted using standard liquid scintillation techniques. All cul-
tures were performed in quadruplicate in flat-bottomed 96-well
plates and the stimulation index of proliferative responses of
lymph node cells was calculated as counts min~" of cells with
antigen/counts min~ " of cells without antigen.

Results

Effect of oral administration of CII and interferon on adjuvant
arthritis

To investigate the effects of oral administration of CII and
interferon on adjuvant arthritis, the materials and controls
(acetic acid and hen egg lysozyme) were orally given on days
—5, —4, —3, —2, and —1 before immunization with M.
tuberculosis. The results showed that rats fed controls had a
sign of arthritis on day 12 and thereafter severe joint inflam-
mation developed rapidly (Fig. 1). On the other hand, animals
given orally 3 ug CII or interferon had a significantly reduced
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Fig. 1. Effect of oral administration of ClII, interferon, or CII plus
interferon on adjuvant arthritis in rats. Animals were fed 3 (H) or 300
(A) ug ClI, 5000 units interferon (O), or both 3 ug CII and 5000 units
interferon ((J), or both 300 ug CII and 5000 units interferon (&) on
days —5, —4, —3, —2, and — 1 before immunization with M.
tuberculosis. Acetic acid (@) and 3 ug lysozyme () were given as
controls. Adjuvant arthritis was induced on day 0 as described in
Materials and Methods. Bars show the mean+s.e.m. of seven rats.
*P < 0-05 and **P < 0-01 vs acetic acid-fed group, by Student’s ¢-test.

severity of arthritis. When both 3 ug CII and interferon were
orally administered, more marked suppression of arthritis was
observed. In contrast, the larger dose, 300 ug, of CII given
orally did not affect the development of arthritis, although the
combination of 300 ug CII and interferon markedly suppressed
joint oedema to the extent shown in rats fed 3 ug CII together
with interferon.

Effect of oral administration of CII and interferon on delayed-
type hypersensitivity responses to M. tuberculosis, CII, or both
M. tuberculosis and CII

Since adjuvant arthritis appears to be mediated by T cells
specific for M. tuberculosis (Pearson & Wood 1964; van Eden
et al 1985), we tested whether feeding CII and interferon could
downregulate the T cell-mediated hypersensitivity, delayed-type
hypersensitivity, to M. tuberculosis in the ear. Table 1 shows the
results. There was no difference in delayed-type hypersensitiv-
ity responses to M. tuberculosis between rats fed acetic acid,
lysozyme and 3 ug CII. In contrast, when interferon was orally
administered, the delayed-type hypersensitivity was sig-
nificantly suppressed. A similar degree of suppression of the

Table 1. Effect of oral administration of interferon and CII on delayed-type
hypersensitivity responses to M. tuberculosis, CIl, or M. tuberculosis plus CIL.

Feeding Ear swelling (x 102 mm)

M. tuberculosis cn M. tuberculosis plus CII
Acetic acid 102489 4+24 95+7-5
Lysozyme 904109 3+19 98+9.0
ClI 98+ 105 5+2.8 71 +6-0*
Interferon 70 & 8-4* 3+18 75+£5.3*
CIl/interferon 66 4 10-3* 5+20 44 +6-6%*

Rats were fed 3 pg CII, 5000 units interferon, or both 3 ug CII and 5000 units
interferon on days —5, —4, —3, —2, and —1 before immunization with M.
tuberculosis. Acetic acid and 3 ug lysozyme were given as controls. Ear delayed-type
hypersensitivity responses to M. tuberculosis, CIl, or M. tuberculosis plus CII were
determined on day 10 as described in Materials and Methods. Values are expressed as
the mean £ s.e.m. of seven rats. *P < 0-05 and **P < 0-01 vs acetic acid-fed group,

by Student’s r-test.
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Table 2. Effect of oral administration of interferon and CII on the proliferative response
to M. tuberculosis, CIl, or M. tuberculosis plus CII,

Feeding Stimulation index

M. tuberculosis Cclt M. tuberculosis plus CII
Acetic acid 18-6+2-44 123008 20-4+1-82
Lysozyme 20-1+1-98 1-0 +0-05 18-8+£2-17
CI 19-5+2.24 1.3+£0.06 11.5+1.04
Interferon 9-4+1-03 1-1+0-08 10-6 £ 1-21
Cll/interferon 11.2+0-81 1:3+0-06 5-8+0-62

Rats were fed 3 ug CII, 5000 units of interferon, or both 3 ug CII and 5000 units
interferon on days —5, —4, —3, —2, and —1 before immunization with M. tubercu-
losis. Acetic acid and 3 ug lysozyme were given as controls. Proliferative responses of
inguinal lymph node cells to M. tuberculosis, CIl, or M. tuberculosis plus CII were
determined on day 10 as described in Materials and Methods.

response was observed in animals fed both interferon and CII
There were no significant delayed hypersensitivity responses to
CII in all groups tested. On the other hand, when delayed-type
hypersensitivity to both M. tuberculosis and CII was examined,
rats administered orally either CII or interferon had significantly
reduced ear swelling. The oral administration of CII in com-
bination with interferon appeared to give more suppressive
effects on the responses to M. tuberculosis plus CII than that of
CII or interferon alone.

Effect of oral administration of CII and interferon on
proliferative responses to M. tuberculosis, CII, or both M.
tuberculosis and CII

We also studied the effect of orally fed CII and interferon on
proliferative responses to M. tuberculosis in-vitro (Table 2). The
oral administration of either lysozyme or CII did not affect the
proliferation of lymph node cells to M. tuberculosis. In conirast,
marked suppression of the proliferative response was observed
in rats fed interferon and also in those given orally CII plus
interferon. There was no significant proliferation to CII in all
groups examined. On the other hand, the stimulation with both
M. tuberculosis and CII was effective in suppressing sig-
nificantly the growth of lymph node cells from animals given
orally either CII or interferon, but not lysozyme. More marked
suppression of the proliferation was observed in both CII and
interferon fed rats.

Discussion

The present study demonstrates that oral administration of 3 but
not 300 ug CII is effective in suppressing the T cell-mediated
disease adjuvant arthritis. This supports the previous finding
that adjuvant arthritis was downregulated by orally fed CII at
the doses of 3 and 30 ug, but not at 300 and 1000 ug (Higgins
& Weiner 1988). However, those workers did not show
mechanisms of the suppression, although it was suggested that
oral tolerance to CII might be induced following its adminis-
tration, since orally given antigens had been shown to be tol-
erogenic (Well 1911) and imununity to CII to be induced in rat
with adjuvant arthritis (Trentham et al 1980). Our results
indicate that oral tolerance to CII is induced following oral
administration of the antigen. In addition, the present report
indicates that a bystander suppression mechanism appears to be
involved in oral tolerance, since rats fed CII had significantly

reduced ear delayed-type hypersensitivity and proliferative
responses to M. tuberculosis plus CII, but not to M. tuberculosis
alone. Furthermore, in the present study there were no delayed-
type hypersensitivity and proliferative responses to CII in M.
tuberculosis-immunized rats, suggesting that CII might not be
critically involved in the pathogenesis of adjuvant arthritis. We
do not know why the higher dose (300 ug) of orally adminis-
tered CII failed to affect adjuvant arthritis. Collagen-induced
arthritis is also suppressed by feeding smaller doses of CII, but
not by larger doses (Thompson & Staines 1985; Nagler—
Anderson et al 1986). Thus, oral tolerance appears to be
induced by small doses of oral antigens.

Interferon injected systemically has an inhibitory effect on
proliferative responses (Derbyshire 1991), and recent investi-
gation showed that oral administration of 5000 units interferon
markedly suppressed experimental autoimmune encephalo-
myelitis in mice that was induced by immunization with myelin
basic protein (Burns et al 1993). The present study also showed
that the dose of the cytokine was effective in suppressing
adjuvant arthritis, confirming that interferon is active by the oral
route. The suppression of the disease by the oral cytokine
appears to be due to the reduction of cellular immune responses
to M. tuberculosis, since orally administered interferon sup-
pressed the M. tuberculosis-induced delayed-type hypersensi-
tivity response in the ear and proliferation to the antigen in-
vitro. '

Our results also demonstrate that the oral administration of
CII in combination with interferon is more effective in sup-
pressing adjuvant arthritis than that of CII or interferon alone.
Especially, it is of note that 300 ug CII given orally together
with interferon suppressed adjuvant arthritis markedly despite
no influence on the disease of the oral administration of that
dose of CII alone.

The suppression of adjuvant arthritis by orally fed CII,
interferon, or CII plus interferon suggests that ingested proteins
may be absorbed from the gut. It has been shown that mem-
branous epithelial cells in Peyer’s patches function for protein
uptake (Wolf & Bye 1984) and dietary antigens, either unde-
graded or partially degraded, are absorbed from the small
intestine (Husby et al 1986; Bruce & Ferguson 1987).

Recent clinical trials demonstrated that the oral administra-
tion of CII to patients with rheumatoid arthritis was effective in
decreasing joint swelling and disease index (Trentham et al
1993). There is significantly reduced interferon production
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observed in patients with rheumatoid arthritis (Seitz et al 1987).
Therefore, oral administration of CII in combination with
interferon may be a novel means to treat the disease more
effectively.
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