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ABSTRACT Patients with systemic autoimmune diseases
make specific autoantibodies that are directed against self
structures. According to one view, these autoantibodies arise as
a result of an immune response to foreign antigens such as
infectious agents that share, by molecular mimicry, common
structures with host proteins. An alternative view is that the
target autoantigen itself initiates, selects, and sustains autoanti-
body synthesis. We show here that anti-Jo-1 autoantibodies
directed against histidyl-tRNA synthetase in the human auto-
immune muscle disease polymyositis undergo, in addition to
spectrotype broadening and class switching, the sine qua non of
an immune response to the target antigen-affinity maturation
to that antigen. We demonstrate further that these autoanti-
bodies, unlike anti-synthetase antibodies induced in mice im-
munized with heterologous antigen, bind only nonlinear
epitopes on the native human synthetase that remain exposed
when the enzyme is complexed to tRNAHi. These data suggest
that the native target autoantigen itself has played a direct role
in selecting and sustaining the autoantibody response and
sharply restrict the time and the way in which a molecular
mimic might act to provoke autoantibodies.

The origin and regulation of autoantibodies in the idiopathic
inflammatory diseases characterized as autoimmune have
provoked divergent theories, some ofwhich include a role for
the target autoantigen in initiating, selecting, and sustaining
autoantibody synthesis and some of which do not (1-6). The
findings that some autoantibodies bind more than one epitope
per autoantigen or more than one protein per particle suggest
that in some cases the identified target autoantigen itself
sustains the autoimmune response (7). Even in these cases,
however, what initiates and what selects the autoimmune
response remain unknown.

In polymyositis, a rare human autoimmune muscle disease,
there is a disease-specific family of autoantibodies that share
certain remarkable characteristics. These autoantibodies are
directed at phosphorylated cytoplasmic ribonucleoproteins
involved in protein synthesis and tend to bind to conserved
epitopes critical to the function of these proteins (1, 8-11).
The most common of these, anti-Jo-1 autoantibodies (AJoA),
bind to and inhibit activity of histidyl-tRNA synthetase
(HRS) and are found in a genetically restricted and clinically
distinct group of patients (11). We have previously shown
(12) that AJoA are restricted mainly to the IgG1 isotype and
that their levels are regulated independently of total immu-
noglobulins and vary in proportion to myositis disease ac-
tivity. Although each patient appears to have a distinct
polyclonal AJoA spectrotype, AJoA from all patients recog-
nize the same proteolytic polypeptides of HRS (12). Here, in
a study of a number of well-characterized patients, we
explore the mechanisms by which AJoA arise and are sus-

tained by analyzing serial changes in the classes, spectro-
types, and affinity of these autoantibodies and by defining the
nonlinear nature of the AJoA epitopes.

MATERIALS AND METHODS
Immunoassays. All assays for AJoA used as antigen bio-

chemically isolated HeLa HRS (13). AJoA serum levels were
quantitated using class-, subclass-, or light chain-specific
enzyme-linked immunosorbent assays (ELISAs) (12). Spec-
trotype analyses and Western blotting were performed as
described (12). IgG was isolated from serum by using protein
A-Sepharose and 5 ug was used in each HRS aminoacylation
assay (1). For nucleic acid immunoprecipitation assays,
tRNAHis was immunologically isolated (14) and 32P-labeled
by standard kinase reactions (15); 10 ng (10 ,uCi , 370 kBq) of
tRNAHis was added to 100 ,g of HeLa postribosomal super-
natant and 5 ,ug of IgG and incubated for 30 min at 4°C before
protein A-Sepharose-assisted immunoprecipitation, RNA
extraction, and electrophoresis (1).
Autoantibody Affinity Assays. AJoA affinity was deter-

mined by the ELISA binding-inhibition method of Friguet et
al. (16). Extensive preliminary experimentation was per-
formed to assure proper conditions for the ELISA (16). For
determination of AJoA affinity, sera were diluted in BBSA
(borate-buffered saline containing 5% bovine serum albumin)
to a final concentration of 0.30 ,ug of total AJoA per ml. One
hundred fifty microliters of diluted serum was mixed with 150
,ul of BBSA containing serial dilutions of 2 ,tM to 0.2 pM
HRS. After incubation at 4°C for 2 hr, 90 Al ofthe mixture was
added in triplicate to wells of ELISA plates, previously
coated with 0.5 jig of HRS and blocked with BBSA, and was
incubated for 15 min at 4°C. The A410 was read after incuba-
tion with affinity-purified, alkaline phosphatase-labeled goat
anti-human immunoglobulin antibody (Jackson ImmunoRe-
search) and development with p-nitrophenyl phosphate
(Kirkegaard and Perry Laboratories, Gaithersburg, MD)
(12).

Induction and Analysis of Anti-HRS Antibodies. BALB/c
mice were alternately immunized with 1 ,ug of biochemically
isolated HeLa HRS (13) at 0 and 4 weeks and immunologi-
cally isolated HRS (17) at 3 and 7 weeks in Freund's adjuvant.
Animals were bled by retroorbital plexus venipuncture and
anti-HRS antibody levels were determined as before (12).

Autoantigen Epitope Studies. Hexapeptides representing all
possible 508 overlapping hexapeptides of the linear sequence
of human HRS (18) were synthesized in duplicate on solid-
phase supports (Cambridge Research Biochemicals, Cam-
bridge, England) as described (19). Peptides were screened
for reactivity in a standard ELISA using protein A-Sepha-
rose-isolated IgG (12). As a positive control, antisera from
rabbits immunized with decapeptides HRS-(18-27), HRS-

Abbreviations: HRS, histidyl-tRNA synthetase; AJoA, anti-Jo-1
autoantibody(ies); MHC, major histocompatibility complex.
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(33-42), HRS-(411-420), and HRS-(436-445) each gave pos-
itive signals in the ELISA when tested against the appropri-
ate hexapeptides on the solid-phase support. Background
binding to each hexapeptide in the ELISA was determined by
the reactivity of 0.8 pug of IgG from a normal BALB/c mouse
and 2.0 ,ug ofIgG obtained from patient 1 before he developed
AJoA. This background was subtracted from the absorbance
obtained after incubating 0.8 ,ug of IgG from an HRS-
immunized mouse (1.5 ng of anti-HRS antibodies per well)
and 2.0 Ag of IgG from patient 1 (6.8 ng of AJoA per well),
respectively. Significant binding was determined by net ab-
sorbance values greater than 3 times the standard deviation
of the control values across the entire range of 508 hexapep-
tides.

RESULTS
The availability of serial serum specimens from a number of
myositis patients, including specimens obtained from one
patient before he developed disease (patient 1), allowed us to
examine the spontaneous AJoA autoimmune response. IgM
AJoA was first detected while patient 1 was being seen for
dermatitis herpetiformis, an autoimmune skin disease. This
was more than 5 months before he had any symptoms,
physical findings, or laboratory evidence of muscle disease
(Fig. 1A). The occurrence in the same patient of these two

autoimmune diseases, both of which occur on the same
genetic background, has been reported before (11, 20). In this
patient, as in the others, the myositis was otherwise typical.
It is also typical for myositis-specific autoantibodies, and
indeed the majority of autoantibodies found in autoimmune
diseases, to be present at the time the patient first seeks
medical attention. The opportunity to study the early phases
of such responses is, therefore, very rare.
Two months after the appearance of IgM AJoA, still before

clinical myositis, and thereafter, IgG1 AJoA dominated the
autoantibody response. The AJoA spectrotype profile in-
creased in complexity from a narrow oligoclonal pattern to a
broad pattern during this preclinical period and was fully
established by the onset of the muscle pains, weakness,
fevers, joint pains, and elevated serum levels of muscle-
derived enzymes that characterized his clinical illness. Al-
though the AJoA levels rose and fell in proportion to disease
activity, in all but the earliest serum specimens in patient 1
the same broad AJoA spectrotype was present. AJoA immu-
noglobulin K/A light-chain ratios determined by ELISA (12)
reflected those ratios seen in total immunoglobulins and
remained relatively constant in this and several other pa-
tients, ranging from 2.3 to 3.1 over years of observation.
An ordinary immune response to an immunizing antigen is

characterized by an initial rapid diversification of antibody-
producing B-cell clones through somatic hypermutation re-
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in increasing affinity of the antibodies for the antigen, tion), respectively. A peptide of 93 amino acids is required for
-d by stable antibody polyclonality (21, 22) as long as full anti-mitochondrial autoantibody reactivity with the hu-
persists (23). The broadening of the AJoA spectro- man pyruvate dehydrogenase-E2 autoantigen (26).

ittern in patient 1 was accompanied by a >50-fold rise The evidence that the AJoA response is initiated and
iity of AJoA for human HRS and was followed by sustained by human HRS suggested that the human autoan-
ent high-affinity autoantibodies (Fig. 1B). Several tigen would be recognized preferentially compared with HRS
)atients studied later in their disease showed similar from phylogenetically distant species. Relative to control
Dnt high-affinity AJoA (Fig. 1C) with stable broad immunoglobulins, immunoglobulins from a patient with
pectrotypes, despite marked changes in AJoA levels AJoA inhibited HRS aminoacylation activity in standard
ted with changing disease activity. Although it is assays (1) of human, reptile, amphibian, and fish extracts by
e that the earlier lower affinity reflects removal from 90%, 89%, 83%, and 52%, respectively, but did not inhibit
culation of higher-affinity antibodies by binding to yeast, euglena, amoeba, algal, or bacterial HRS. These data
[ing antigen, both the extreme lability ofHRS (24) and imply that the epitopes recognized by AJoA are relatively
:h greater muscle damage with release of intracellular conserved among HRS molecules from representatives of the
ts later in the disease course make this highly unlikely. animal kingdom and are not present on HRS from species in
lata, therefore, powerfully suggest that the identified the other four kingdoms. They also suggest that the autoanti-
tutoantigen has selected, by affinity maturation, and genic epitopes are preferentially present on the human pro-
ed the persistent AJoA responses in these patients. tein, as appears to be the case for other human autoantigens
some theories of molecular mimicry posit that sim- (27, 28), since HRS inhibition by AJoA decreases with
in linear amino acid sequences between autoantigens increasing phylogenetic distance from humans.
ictious agents may account for autoimmunity (3 4) Although the data above argued against it, we considered
ched for linear AJoA epitopes of HRS for a clue to the further the possibility that the response to the human enzyme
cof AJoA. IgG isolated from patient 1, as well as from had been elicited by a crossreacting HRS of another species
her AJoA-positive patients, did not specifically rec- by comparing the spontaneous human AJoA response to an
any hexapepatdes of human HRS (Fig. 2B). The antibody response to the same antigen induced in mice,
ar nature of autoantibody epitopes may be a general where it would be seen as foreign. Immunization of four mice

nof many human autoantigens. Patient autoantibod- with HRS led to high-titer antibodies in each, which bound
bind proliferating-cell nuclear antigen and those the antigen on Western blots (Fig. 3A) and depleted HRS

ind the B" protein from U2 small nuclear ribonucle- enzyme activity from solution by immunoprecipitation (data
do not bind to overlapping pentadecapeptides of not shown). Mouse anti-HRS antibodies also underwent

ating-cell nuclear antigen (25) or to nonapeptides of changes indicative of an antigen-driven immune response:
protein (W. J. van Venrooij, personal communica- antibody class switching, from anti-HRS IgM to IgG to IgA,

and an increasingly complex spectrotype. There was a grad-
ual decline in antibody level several months after the last
exposure to antigen (data not shown), and the mice did not

* * develop inflammatory muscle disease. As expected from
other experiments involving immunization with a foreign

O * , l * * * * ^ * protein (29), IgG from mice possessing high-titer anti-HRS
antibodies recognized many hexapeptides along the HRS

s
llif1t1|51 i tprotein sequence in a solid-phase assay (Fig. 2A).

A number of other lines of evidence suggest that the humantr- PI l-+ TP v Y and mouse antibodies recognize different epitopes on HRS.
(i) All human sera with AJoA, including those from patient 1,

5 inhibited HRS enzyme activity in proportion to the level of

0 1 01 201 301 401 501
AJoA determined by ELISA (17). In contrast, none of the
mouse sera containing anti-HRS antibodies inhibited HRS

Hexapeptide activity (Fig. 3B). (ii) All patient sera containing AJoA
coprecipitated tRNAHiS along with the enzyme, although
AJoA did not bind tRNAHiS alone. AJoA thus appeared to
stabilize the enzyme-tRNA interaction and possibly inhib-
ited HRS function by this mechanism. None of the mouse
sera, however, coprecipitated tRNAHiS (Fig. 3C). (iii) AJoA
from patients did not bind to heat-denatured HRS in a dot blot
assay (30) whereas mouse anti-HRS antibodies did. (iv) Sera
containing AJoA and anti-HRS antisera did not interfere with
each other in binding HRS in ELISAs (12), even when the
competing antibody was present in great excess (data not

N"A W 1--i-J-41 a- L,11 JA shown).
_V77",r-711Mrv- _-T117Y'1F' T-rr-T~fV" Together, the affinity maturation of AJoA to HRS, the

preferential inhibition of human HRS by AJoA, and the
101 201 301 401 501 differences between the antibody response of a rodent to a

heterologous enzyme and the spontaneous human response,
Hexapeptide all support the view that the human response is directed

-.nA i nnmctt mnms atLtJD4Z nn~~A,- ^,
against its own HIRS.

II.0~~~I I .IL4LL IU~dII7IO4IIUI~ UIU

riLi. A-. AJofA, In contrdst to mouse anti-rim3 antm~ouies, oo not
recognize any linear hexapeptides of human HRS. Immunoglobulins
from a mouse with high-titer anti-HRS antibodies (A) and from
patient 1 after developing AJoA (B) were tested for reactivity with all
508 possible overlapping hexapeptides of human HRS (18). The
asterisks above the peptides denote the area of significant binding,
>3 SDs above the mean level of control antibody binding.

DISCUSSION
The findings described here lead us to conclude that AJoA are

driven by the target antigen, are induced months before the
onset of myositis, and react only with nonlinear epitopes
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FIG. 3. Human AJoA, but not mouse anti-HRS antibodies, target
conformational epitopes on native HRS that stabilize the enzyme-
tRNAHiS interaction and inhibit enzyme function. (A) Western blot
demonstrating the binding of AJoA and anti-HRS antibodies to the
55-kDa antigen; the migration positions of molecular mass (kDa)
markers are shown at left. (B) Aminoacylation assays showing HRS
enzyme inhibition by AJoA but not by mouse anti-HRS or control
antibodies. (C) Autoradiograph of urea/polyacrylamide gel electro-
phoresis of 32P-labeled tRNAHiS after immunoprecipitation.

preferentially found on the native human target autoantigen,
which remain exposed when HRS is complexed to tRNAHiS.
These data are consistent with studies of other autoantibodies
in patients and mice with autoimmune diseases that in
carefully analyzed cases, closely resemble ordinary immune
responses inasmuch as they exhibit class switching, somatic
mutation, private idiotypes, and polyclonal spectrotypes (7,
12, 31-34). We also describe here a rising affinity over time
of the interaction between human HRS and AJoA, which
strongly supports the role of the autologous target autoanti-
gen in selecting for as well as sustaining the autoantibody
response.
Although polyclonal activation (5), direct (3) and indirect

(2) molecular mimicry, increased expression of major histo-
compatibility complex (MHC) class II antigen (6), and altered
autoantigen presentation (1), among other theories, have
been proposed as autoimmune mechanisms, none adequately
accounts for all the findings in autoimmune diseases. Indeed,
multiple mechanisms may be at work simultaneously or in
temporal succession in a single autoimmune disorder, and
different mechanisms may operate in different diseases. The
combined findings of an autoantigen-selecting immune re-

sponse and the nonlinear nature of the AJoA epitopes pow-

erfully argue against molecular mimicry on the basis of
shared linear amino acid sequences as proposed (35) or
random polyclonal activation as sufficient explanations for
autoimmunity in myositis. They are consistent, however,
with models that require a role for autoantigen-induced B-cell
clonal expansion, selection, and continued stimulation by the
persistence of the autoantigen in its native state. Of most
importance, these findings constrain still further the time and
the way in which molecular mimicry might play a part in
autoimmunity: a molecular mimic could conceivably initiate
the differentiation of B cells, which the autoantigen then
selects, or the tertiary structure ofthe mimic must sufficiently
resemble the autoantigen so that affinity maturation to the
autoantigen occurs. A foreign protein that shares only a short
stretch of amino acids identical to the autoantigen, embedded
in a nonhomologous polypeptide, is extremely unlikely to
fold so as to yield an identical continuous tertiary epitope
allowing affinity maturation to the autoantigen (36). In fact,
we have been unable to demonstrate binding to native HRS
of high-titer rabbit antibodies directed at four decapeptides of
the HRS sequence predicted to be antigenic by computer
algorithms (29).
An attractive parsimonious hypothesis to account for these

and other findings is that autoimmunity resembles standard
immunity in the mechanisms by which autoantibodies are
selected and are sustained. Although spontaneous autoanti-
bodies and antibodies induced in animals by immunization
with human autoantigens both appear to be antigen-driven
(7), they often differ in the epitopes they recognize (30,
37-39). In contrast to antibodies produced by immunization,
spontaneous autoantibodies preferentially target conforma-
tional epitopes exposed after ribonucleoprotein complex
formation and often inhibit the function of the autoantigen.
These differences in the epitopes targeted in human autoim-
munity from those seen in animals immunized with the
human autoantigen may occur because of differences, both
genetic and environmental, that determine how B cells are
exposed to the antigen. Susceptibility to autoimmune dis-
eases is strongly linked to certain MHC class II amino acid
sequences located in regions considered to be important for
antigen binding (40) and shown to govern immune responses
in animals (41). The immune attack on nonlinear epitopes of
autologous autoantigens may result from interactions of
those autoantigens with specific environmental agents in the
context of the disease-associated MHC class II sequences.
Such a scenario may occur in polymyositis, where the
necessary interaction of translational proteins with nucleic
acids from infecting positive-stranded RNA viruses, which
have been implicated in the etiology of myositis by many
other lines of evidence (11), may be a mechanism by which
conformational epitopes on these cytoplasmic proteins be-
come exposed and targeted for immune attack in genetically
susceptible individuals.
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