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ABSTRACT Type II collagen-induced arthritis (CIA) in
mice is an autoimmune experimental model for rheumatoid
arthritis. Susceptibility to CIA is associated with certain major
histocompatibility complex class II haplotypes. The two very
closely related haplotypes H-2q and H-2P differ in susceptibility
to CIA. Only mice of H-2q (DBA/1, B1OG strains) but not mice
of H-2P-expressing strains (like strain BlOP) develop CIA and
an autoimmune response to type II collagen (CII) after immu-
nization with CII. In contrast to H-2P, the H-2q haplotype does
not express I-E molecules. The purpose ofthe present study was
to identify, at the molecular level, the structures on major
histocompatibility complex class II molecules determining sus-
ceptibility to CIA and CII responsiveness. We first excluded the
possible suppressive involvement of EP or AP molecules by
showing that F1 hybrids between H-2P and H-2q haplotype
strains, expressing EP and AP, are responders to CII and fully
susceptible to CIA. Secondly, because Aa chains appear iden-
tical, we sequenced the A ru-st-domain exons of p and q
allotypes and found only four diverging amino acids in the
predicted amino acid sequence. These variable residues were
closely located at positions 85, 86,'88, and 89 at the end of the
postulated ai-helix, which is of importance for interactions with
the antigenic peptide and the T-cell receptor. We suggest that
this region is a critical major histocompatibility complex re-
striction site for CIA and CU responsiveness in H-2q mice as
compared with H-2P mice. The CIA will now be an excellent
autoimmune model for studies on interactions between autoan-
tigenic peptide, autoreactive T cells, and a particular major
histocompatibility complex molecule, as has been postulated to
be the initial event also in rheumatoid arthritis.

Immunization with type II collagen (CII) in mice, rats, and
apes induces an autoimmune disease, with chronic and
progressive development of arthritis, called the type II col-
lagen-induced arthritis (CIA), which is widely used as a
model for studies of rheumatoid arthritis (RA) (1-6). There
are several similarities between RA and CIA. (i) A similar
histopathology ofthe joints develops with occurrence ofboth
marginal erosions and pannus formation as well as massive
polymorphonuclear cell infiltration in acute lesions and
edema formation in the synovium (3, 5, 7-9). (ii) Autoimmune
reactions to both CII and IgG (rheumatoid factors) occur in
both diseases (10-15). (iii) Susceptibility to both RA and CIA
is sex-linked and is similarly influenced by female sex hor-
mones and pregnancy (16-19). (iv) Both CIA and RA are
influenced by genes within the major histocompatibility com-
plex (MHC) (8, 20-23).

In the mouse, the susceptibility to arthritis after immuni-
zation with heterologous CII is restricted to the H-2q and H-2r
haplotypes. With recombinant strains the susceptibility in the

H-2q haplotype has been mapped to the I-A locus in the MHC
class II region (8). We have investigated the MHC restriction
of the autoimmune response and development of arthritis
after immunization not only with heterologous but also with
autologous CII (20, 21). Immunization with autologous CII
led to development of arthritis and/or anti-CII autoantibodies
only in H-2r, H-2q, H-2w3, and H-2wl7 haplotype-carrying
strains. The latter two haplotypes are derived from wild mice
and are closely related to H-2q (24-27). Immunization with
various heterologous CII induced more severe arthritis in
strains with H-2q and H-2r haplotypes and, in addition,
induced an anti-CII autoantibody response but no arthritis in
some strains with other haplotypes (20, 21). These findings
suggest that the induction of arthritis was critically dependent
on activation of autoreactive T cells, but that activation of T
cells reactive with heterologous CII may enhance the severity
and elevate the autoantibody response to CII. Furthermore,
we found that BlOP (H-2P) mice responded to neither autol-
ogous nor heterologous CII in contrast to H-2 congenic BlOG
(H-2q) mice and other mice of the H-2q haplotype.
The difference in susceptibility to CIA between the H-2q

haplotype and the H-2P haplotype is of particular interest
because these haplotypes are closely related -(24-27). TheAe
and Aq molecules have been grouped into the same family by
tryptic fingerprint analysis (24, 27). As for I-E molecules only
EP is expressed, whereas Eq is not expressed due to sequence
abnormalities leading to defective RNA splicing of both Ea
and En mRNA (28, 29). The purpose of the present study was
to analyze the relative importance of A and E class II
molecules and to determine the molecular basis for the
observed association of CIA and CII autoimmunity with the
MHC.

MATERIALS AND METHODS
Mice. DBA/1 and BlOG mice, originally obtained from The

Jackson Laboratory, and BlOP mice, originally obtained
from J. Klein (Tubingen, F.R.G.), were kept and bred in the
animal unit at the Biomedical Center (Uppsala). Mice were
used at an age of 8-10 weeks and age-matched in all exper-
iments.

Collagens. Mouse CII from xiphoid cartilage and rat CII
from a rat chondrosarcoma (30) were solubilized by pepsin
digestion and subsequently purified as described by Miller
(31). The collagens were stored lyophilized and dissolved in
0.1 M acetic acid before use.
Animal Experiments. Rat CII dissolved in 0.1 M acetic acid

at a concentration of 1 mg/ml was emulsified in an equal
volume of Freund's complete adjuvant (Difco) at 40C, and 50
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,ul ofthis emulsion was injected intradermally around the root
of the tail. The clinical severity of arthritis was quantified
according to a graded scale as described (3); 1 point =

detectable swelling in one joint, 2 points = swelling in more
than one but not all joints, 3 points = severe swelling of the
entire paw and/or ankylosis. Each paw was graded, so each
mouse could achieve a maximum score of 12 points. The mice
were bled by retroorbital puncture, and the sera were stored
at -70'C until used. The quantification of anti-CII reactive
autoantibodies in sera was performed with an enzyme-linked
immunosorbent assay (ELISA) using mouse CII on the solid
phase as described in detail (20).

Polymerase Chain Reaction (PCR) Analysis and DNA Se-
quencing. Genomic DNA samples from BlOG and BlOP
strains were prepared from liver tissue according to the
following procedure: Liver tissue was ground to a fine
powder in liquid nitrogen. The cell powder was then mixed
with 40 ml of lysis buffer (1% Triton X-100 in 0.32 M
sucrose/1 mM Tris HCl, pH 7.5/5 mM MgCl2). The mixture
was centrifuged at 1500 x g for 10 min at 4°C. The pellet was
resuspended in 10mM Tris HCl, pH 8.0/400mM NaCl/2 mM
EDTA/0.5% SDS/proteinase K at 0.2 mg/ml and incubated
at 37°C overnight. Protein contaminants were removed by
precipitation with a saturated NaCl solution (32). DNA was
then recovered by ethanol precipitation.
Four primers for PCR analysis were synthesized on an

Applied Biosystems 380A oligonucleotide synthesizer; LA1,
5'-ATAGGATCCTGACCGCGTCCGTCCGCAG-3'; LA2,
5'-GAGAATTCACCAAGCCGCCGCAGGGA-3'; LA3, 5'-
GCGGATCCACCAACGGGACGCA-3'; LA4, 5'-
ACGAATTCCTCCCGGTTGTAGATGT-3'. The PCR was
carried out with 2.5 units of thermostable Thermus aquaticus
(Taq) polymerase (Perkin-Elmer/Cetus) according to the
manufacturer's recommendation in a final volume of 50 ,1..
Analysis was done with 1 ,ug of genomic DNA and oligonu-
cleotide primers at a concentration of 1 ,uM. Denaturation
occurred at 93°C for 30 sec, hybridizing at 55°C for 1 min, and
extension at 72°C for 2 min. Single-stranded DNA for direct
sequencing was generated by asymmetric PCR by using one
ofthe primers at a concentration of 1 ,uM and the other at 0.02
,uM (33). DNA sequencing was then performed with the latter
primer by using the dideoxy chain-termination method with
[a-35S]dATP and the modified phage T7 DNA polymerase
(United States Biochemical) (34).

RESULTS

Dominant Influence by Ajp Chain on the Susceptibility to
CIA. The different susceptibility to CIA and the different
ability to produce anti-CII antibodies exhibited by mice of
H-2q and H-2P haplotypes might either be due to a dominant
positive influence of Aq or a negative influence of EP mole-
cules. The latter mechanism has been described in other
systems in which expression of certain I-E alleles mediated
a dominant suppression in F1 hybrid mice (35, 36). To resolve

this question F1 hybrid mice of H-2P and H-2q haplotypes
were analyzed (Table 1). In accordance with earlier obser-
vations (17, 20, 21), DBA/1 (H-2q) mice developed CIA with
higher incidence and severity compared with B1OG (H-2q),
suggesting an influence of non-MHC B10 background genes.
For these reasons we investigated F1 hybrid mice by using
both B1OG and DBA/1 as parental strains combined with
B1OP (H-2P). The result clearly shows that expression of EP
or AP molecules does not have a suppressive influence on the
development of CIA or on the anti-CII autoantibody re-
sponse.
Thus, only a dominant influence of Aq can explain the

MHC class II association of CIA development and CII
responsiveness. Furthermore, the I-A restriction is most
likely dependent on the Ap molecule because the extracel-
lular domains of AP and Aq displayed identical patterns when
compared by tryptic fingerprint pattern, whereas the extra-
cellular portions of AP and Aq chains differed in 5 of 28
peptides (24). Because polymorphic sites of functional im-
portance have been found only in the first domain of class II
molecules (37, 38), we decided to determine the structure of
this region of the Aq and AP molecules.

Identification of a Critical Restriction Site for the Suscepti-
bility to CIA on the Ap Molecule. To determine the amino acid
sequence of the Ap first domain of H-2q and H-2P the
corresponding exon (exon 2) was amplified by PCR and
sequenced. An attempt to amplify the complete first-domain
exon by using the primers LA1 and LA2 was not successful
for unknown reasons. Two internal primers (LA3, LA4) were
then synthesized, and the exon was successfully amplified in
two parts with the two primer pairs LA1/LA4 and LA2/LA3.
One of the external primers (LA2) was placed partly in the
exon (Fig. 1). However, substitutions in the sequence cov-
ered by this primer are unlikely, especially when taken into
account the lack of polymorphism in the particular region.
The AB (B1OP) and Aq (B1OG) nucleotide sequences of exon
2 were determined by direct sequencing of PCR-amplified
DNA (Fig. 1). A comparison of the p and q sequences reveals
differences only at the codons for amino acid positions 85, 86,
88, and 89. The deduced amino acid differences (Fig. 2) show
that the Aq chain has a more positive charge in this region as
compared with the AP chain; glycine instead of glutamic acid
at codon 85 and histidine instead of proline at codon 89.

DISCUSSION
We demonstrated that the presence of only four amino acid
substitutions at positions 85, 86, 87, and 89 in the Ap molecule
can explain the different CIA susceptibility and CII immune
responsiveness of H-2q and H-2P haplotype mouse strains.
This very limited difference between the I-A molecules of q
and p origin may explain the earlier difficulties to isolate
monoclonal antibodies and alloreactive T-cell clones that
distinguish I-AP and I-Aq (24-27). However, an alloreactive
response has been recorded with secondary T-cell cultures

Table 1. Arthritis development and autoantibody response in male mice 12 weeks after rat CII immunization

H-2 Incidence Mean Serum anti-CII
of arthritis, severity autoantibodies,

Strain* I-A I-E n % of arthritis mean gg/ml ± SDt
BlOP p p 10 0 0 1
BlOG q 10 30 3.7 35
DBA/1 q - 10 100 7.1 88
(DBA/1 x B1OP)Fj q/p p 11 73 7.4 200 ± 97
(DBA/1 x B1OG)Fj q 10 90 9.9 224 ± 59
(BlOG x B1OP)Fj q/p p 9 33 3.6 172 ± 59
*Data from the parental strains are from an earlier described experiment (20).
tAutoantibody levels in serum from parental strains were determined from pooled serum samples collected 15 weeks after
immunization. Therefore, the SD of the biological variation cannot be given for these strains.
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Position: 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0

BlOP (p) CAT TTC GTG GCC CAG TTG AAG (G3 GAG TGC TAC TTC ACC AAC GS3
BlOG (q) --- --- --- --- --- --- --- --- --- --- --- --- --- --- ---

Position: 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

BlOP (p) ACG CAG GC3 ATA CGA TCT GTG AAC AGA TAC ATC TAC AAC 033 GAG

BlOG (q) --- --- --- --- --- --- --- --- --- --- --- --- --- -- ---

Position: 36 37 38 39 4 0 4 1 42 43 44 4 5 46 47 4 8 49 50

BlOP (p) GAG TGG GTG C0C TTC GAC AGC GAC GTG (GG GAG TAC 0GC C GC GTG

BlOG (q) --- --- --- --- --- --- --- --- --- --- --- --- --- --- ---

Position: 51 5 2 53 5 4 55 56 57 5 8 5 9 6 0 61 6 2 6 3 6 4 6 5

BlOP (p) ACC GAG CTG GGX 3GG CCA GAC GCC GAG TAC TGG AAC AGC CAG CCG

BlOG (q) --- --- --- --- --- --- --- --- --- --- --- --- --- --- ---

Position: 6 6 6 7 6 8 6 9 7 0 71 7 2 7 3 7 4 7 5 7 6 7 7 7 8 7 9 80

BlOP (p) GAG ATC CTG GAG CGA ACG OG3 GOC GAG GTG GAC ACG GTG TGC AGA

BlOG (q) --- --- --- --- --- --- --- --- --- --- --- --- --- --- ---

Position: 81 82 83 84 85 86 87 88 89 9 0 9 1 9 2 9 3 9 4 95

BlOP (p) CAC AAC TAC GAG GAG ACG GAG GTC CCC ACC TCC CTG C00 0GG CTT

B1OG (q) --- --- --- --- -G- GT- --- AC- -A- --- --- --- --- --- ---

FIG. 1. Nucleotide sequence of the Ad first domain exon from BlOP (H-2P) and BlOG (H-2q). The positions for the PCR primers used are
indicated by arrows.

derived from I-AP xI-Ak mice [(C3H.NB x BlO.AQR)Fl] and
stimulated with spleen cells expressing Aq [from B1OT(6R)]
(24). This response can now be explained by recognition of
structures involving the 85-89 region of the An molecules.
Comparisons of large number of An sequences from dif-

ferent haplotypes show that the 85-89 region contains a
relatively high degree of variability (Fig. 2). In a three-
dimensional model of the A,3 molecule, this region is sug-
gested to be located at the end of an a-helix of importance for
the specific interactions between the T-cell receptor, the
MHC molecule, and the antigenic peptide (38). Although the
85-89 region is the critical restriction site for the CIA
susceptibility and CII immune responsiveness of the H-2q
haplotype mice compared with H-2P haplotype mice we do
not know whether the q-specific residues are of importance
for direct binding of the antigenic peptide, for orientation of
the peptide allowing interaction with the T-cell receptor and
the bound peptide and/or for direct binding by the T-cell
receptor. These interactions may now be elucidated using
T-cell clones from H-2q haplotype mice, peptides from the
CII molecule, and antigen-presenting cells from H-2q and
H-2P haplotype mice. Furthermore, the structures presented
in the 85-89 region of the Aq molecule may have important
influence on the selection of the T-cell repertoire in the
thymus, allowing potentially arthritogenic T cells to be pro-
duced in H-2q strains but not in H-2P strains. These questions
can now be addressed by analysis of mice made transgenic
with site-directed mutants of the Aq molecules.

However, the I-Aq specific region in positions 85-89 is by
no means sufficient for the specific interactions between the
putative CII peptide, the T-cell receptor, and the class II
molecule. Many residues in both Aa and An molecules
participate in these interactions, and we have summarized
(Fig. 2) known amino acid sequences translated from the
present, as well as previously established nucleotide se-
quences of Ad first-domain exons of different haplotypes.
This summary shows that only the As haplotype has an
identical sequence with Aq in the 85-89 region. However, the
Al sequence has many differences as compared with A
sequences at other positions, and there may be differences
also in the Aa chain (42, 43), which could explain why H-2'
haplotype strains are not susceptible to CIA or develop a CII
autoimmune response (8, 20, 21). Nevertheless, it is of
interest to note that in some other cases immune responses
are restricted to both H-2s and H-2 . One example is the
encephalitogenic response of peptide 88-100 of the myelin
basic protein that is inducible in SJL (H-25) and SWR (H-2q)
mice (44). Another example is the specific T-cell proliferative
response to a GT (Glu50Tyr50) polymer (45). In this case I-Aq
and I-AS determine high responsiveness and I-AP low respon-
siveness, and a possible suppressive influence of I-EP could
be excluded. Thus, also in the immune response to the GT
polypeptide and possibly the induction of chronic experi-
mental allergic encephalomyelitis in SJL and SWR mice a
critical MHC restriction site may be located in the 85-89
region of Aq and As.

Immunology: Holmdahl et al.
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Pos: 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
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FIG. 2. Translated amino acid sequence (in one-letter code) corresponding to the Ap first-domain exon of various haplotypes. The s, k, u,
f(39), the b (40), and the d (41) sequences have been published earlier. The p and q sequences are from the present investigation; diverging amino
acids are in boldface. The q sequence from the present investigation was determined from BlOG mice and an earlier published q (39) determined
from DBA/1; these were found to be identical except for a silent mutation at codon 70. *, Deletion of the residue at the indicated position (Pos).

RA is associated with HLA-DR4 region in linkage dis-
equilibrium with HLA-DQw3 (23). The strongest association
is with the Dw4, Dw13, Dw14, and Dw15 subtypes of DR4,
which have sequence similarities at positions 70 and 71 of the
DRB chain (46). From these findings it has been suggested
that most patients with RA suffer from an immunospecific
disease dependent on recognition of one particular self pep-
tide bound to a particular DR restriction site and recognized
by a particular autoreactive T cell (23). Thus, RA and CIA
may share this kind of etiological process, although this does
not necessarily mean that an identical autopeptide is bound
to similar structures on class II molecules and presented to a
T cell with an identical T-cell receptor in the two diseases.
Rather, the CIA model will be valuable to elucidate the
pathogenetic mechanisms leading to autoimmune arthritis,
which may be shared with RA, and to develop new thera-
peutic strategies using specific peptides of importance for the
initial recognition between autoreactive T cells and autoan-
tigens.
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