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acceptor, in the presence of an equimolar amount of 
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Cascade Blue-PLC-(32 and 0.8 for the two DABMI 
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Chlamydia Infections and Heart 
Disease Linked Through 

Antigenic Mimicry 
Kurt Bachmaier,1,2 Nikolaus Neu, 3 Luis M. de la Maza,4 

Sukumar Pal,4 Andrew Hessel,1 Josef M. Penninger1,2* 

Chlamydia infections are epidemiological^ linked to human heart disease. A 
peptide from the murine heart muscle-specific a myosin heavy chain that has 
sequence homology to the 60-kilodalton cysteine-rich outer membrane pro­
teins of Chlamydia pneumoniae, C. psittaci, and C trachomatis was shown to 
induce .autoimmune inflammatory heart disease in mice. Injection of the ho­
mologous Chlamydia peptides into mice also induced perivascular inflamma­
tion, fibrotic changes, and blood vessel occlusion in the heart, as well as 
triggering T and B cell reactivity to the homologous endogenous heart muscle-
specific peptide. Chlamydia DNA functioned as an adjuvant in the triggering of 
peptide-induced inflammatory heart disease. Infection with C trachomatis led 
to the production of autoantibodies to heart muscle-specific epitopes. Thus, 
Chlamydia-mediated heart disease is induced by antigenic mimicry of a heart 
muscle-specific protein. 

Cardiovascular diseases are the major cause 
of death in Western societies. Various risk 
factors have been associated with the patho­
genesis of heart diseases, including increased 
cholesterol levels, smoking, stress, high 
blood pressure, obesity, and hyperglycemia 
(1). Bacterial infections may be a causative 
event in the development of heart diseases (2, 
3). Chlamydia infections cause pneumonia, 
conjunctivitis in children, and are a primary 
cause of sexually transmitted diseases and 
female infertility (4). The mechanism by 
which Chlamydia causes cardiovascular dis­
ease is unknown (5). 

Inflammatory heart diseases and dilated 
cardiomyopathy in humans can be repro­
duced in mice by immunization with heart 
muscle myosin (6). Cardiac myosin-induced 
autoimmune myocarditis is dependent on 
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CD4+ T cells that recognize a heart muscle-
specific peptide in association with self major 
histocompatibilty complex (MHC) class II 
molecules (7). Various peptides of the a my­
osin heavy chain protein have been identified 
that can induce autoimmune myocarditis in 
mice (8, 9). 

Immunization with a 30-amino acid pep­
tide (amino acids 614 to 643) of the cardiac-
specific a myosin heavy chain molecule 
[amhc(614-643)] induces severe inflammato­
ry heart disease in BALB/c mice (8). The first 
16 amino acids [amhc(614-629), SLKLMA-
TLFSTYASAD] constituted a dominant auto-
aggressive epitope that was designated M7Aa 
(Table 1 and Fig. 1A) (10). In contrast, the 
homologous region of the p myosin heavy 
chain isoform, designated M7Ap, did not in­
duce disease (Table 1 and Fig. IB). The intro­
duction of single amino acid substitutions into 
M7Aa further revealed that the residues xxx-
MAxxxSTxxx (where x is any amino acid) 
were important for the pathogenicity of M7Aa 
in vivo (11). These immunogenic amino acids 
are conserved between murine and human a 
myosin heavy chains, and injection of the hu­
man M7Aa homolog into BALB/c mice also 
induced inflammatory heart disease (11). 

After identification of the crucial patho­
genic amino acids within the M7Aa peptide, 
we screened public databases for viral and 
bacterial sequences containing the MAxxxST 
motif (12). Peptide sequences from the 60-kD 
cysteine-rich outer membrane protein (CRP) 
from different serovars of C. trachomatis 
matched the M7 Aa motif and were designat­
ed ChTRl (serovar E), ChTR2 (serovar C), 
and ChTR3 (serovars LI, L2, and L3) (13). 

Peptide Amino Acid Sequence Prevalence (%) Severity 

M7Acx (614-629): 

ChTRl (25-40): 

ChTR2 (25-40): 

ChTR3 (25-40): 

ChPN (25-40): 

ChPS (25-40): 

ChTRp11 (1-14): 

M7Ap (614-629): 

S L K L M A T L F S T Y A S A D 18/21 (86%) 2.9 + 0.7 

V L E T S M A E F T S T N V 

i J l i E S L S T N V I 

M A E F I S T N V 

IS 

IS 

Table 1. Sequence align­
ment of Chlamydia pep­
tides, the immunogenic 
mouse M7Aa motif, 
and the nonimmuno-
genic mouse M7Ap mo­
tif. Prevalence and se­
verity of inflammatory 
heart disease as deter­
mined with these pep­
tides are indicated. Six-
week-old BALB/c mice 
were immunized twice 
at a 7-day interval with 
the indicated peptides 
(50 jjug per mouse] in 
FCA and analyzed 21 
days after the initial im­
munization for the pres­
ence and severity of 
myocarditis. Histological grading of severity was as follows: 0, no infiltration in heart muscle; 1, up to 5% of 
histological cross section is infiltrated; 2, 6 to 10%; 3, 11 to 20%; 4, >20%. Mean values of disease severity ± 
SD are indicated (6, 10). 

V L E T S 

G I E A A V A E S L I T K I V A 

i l il 
K I E A A A A E S L A T R F I A 

II I: 
M G S M A F H K - S R L F L T 

S L K L L S N L F A N Y A S A D 

12/15 (80%) 1.4 + 0.4 

7/8 (88%) 1.3 + 0.5 

7/8 (88%) 1.1+0.6 

6/10 (60%) 1.1 ±0.2 

5/10 (50%) 1.0 + 0.0 

4/8 (50%) 1.0 + 0.0 

0/19 (0%) 
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The homologous peptides from the 60-kD 
CRF's of C. pneumoniae, designated ChPN, 
and C. psittaci, designated ChPS, shared se- 
quence identities with the M7Aa motif, al- 
though to a lesser extent (Table l )  (14). Apart 
from identity at the MAxxxST motif, there 
were no other conserved regions in the pri- 
mary sequences of the murine M7Aa peptide 
and all three Chlam,vdia 60-kD CRF' peptides. 
A peptide from the p 1 1 protein of C. tracho- 
matis, designated ChTRpl I, also shared se- 

quence homology with the M7Aa motif (Ta- 
ble 1) (15). 

We tested the possibility of antigenic 
mimicry between Chlamydia peptides and the 
M7Aa motif in our murine model of antigen- 
induced inflammatory heart disease. We im- 
munized BALBIc mice with murine M7Aa 
or the homologous 60-kD CRP or pll-de- 
rived peptides in Freund's complete adjuvant 
(FCA) (10). All of the Chlamydia-derived 
peptides induced inflammatory heart disease 

Fig. 1. Inflammatory heart disease in BALBIc mice that were immunized with (A) the endogenous 
mouse M7Aa peptide from the a myosin heavy chain, (B) the control endogenous M7AP peptide 
from the homologous region of the P myosin heavy chain, (C) the 60-kD CRP-derived peptide from 
C. trachomatis (ChTRl), or (D) the 60-kD CRP-derived peptide from C. pneumoniae (ChPN) (70). (E) 
Adoptive transfer of ChTRl peptide-induced inflammatory heart disease into nonimmunized 
recipient mice (27). (F) Induction of inflammatory autoimmune heart disease in BALBIc mice with 
C. trachomatis DNA-derived CpG containing ODN as adjuvant (25). Perivascular inflammation is 
apparent in (A), (C), (D), and (F). (B) shows normal heart muscle morphology. Hearts were analyzed 
21 days after the initial immunization. Staining was with hematoxylin and eosin (H&E). Magnifi- 
cation: X320 

Table 2. Prevalence and severity of M7Aa peptide-induced myocarditis as determined with synthetic 
ODNs or FCA as adjuvant. CpC motive-containing ODNs were derived either from C. trachomatis DNA 
(CpC 1) or from previously reported bacterial DNA sequences (CpC 2 and 3) (25). The CpC motif or the 
reversed non-CpC motif (non-CpC) is underlined. For severity of myocarditis, see Table 1. One result 
representative of three independent experiments is shown. 

Adjuvant Antigen Prevalence Severity 

FCA M 7Aa 313 2.7 + 1.5 
CpC 1: CTACTCACCTTTACTCTTCC M 7Aa 515 2.2 + 0.4 
CpC 2:CATTCCCTCACCTCACACAC M 7Aa 414 2.3 + 1.3 
CpC 3: TCCATCACCTTCCTCACCTT M 7Aa 415 2.0 + 1.4 
Non-CpC: TCCATCACCTTCCTCATCCT M 7Aa 015 - 
CpC 3: TCCATCACCTTCCTCACCTT None 015 - 

at a similar frequency, although at signifi- 
cantly lower severity, as compared with 
M7Aa-immunized mice (Table 1). Like the 
inflammation that follows immunization with 
the endogenous autoantigen M7Aa, the dis- 
ease induced by all the Chlamydia-derived 
peptides was characterized by perivascular 
and pericardial infiltration of mononuclear 
cells and fibrotic changes (Fig. 1, A, C, and 
D). Immunohistochemical characterization 
revealed that the inflammatory infiltrate in 
ChTRl peptide-induced heart disease was 
similar to cardiac myosin- and cardiac myo- 
sin-derived peptide-induced myocarditis and 
consisted of about 11% CD4+ and 12% 
CD8+ T cells, 16% B220+ B cells, and 61% 
CDl lb+ macrophages (16, 17). Inflammation 
was restricted to the heart and was not 
observed in skeletal muscle, lung, liver, 
pancreas, kidney, intestine, or uterus of peptide- 
immunized mice. Injection of mice with human 
immunodeficiency virus-2 [a160 (371-383), 
INFIGPGKGSDPE] or parainfluenza virus 
1 [HT83b hemagglutinin-neuraminidase (291- 
309), DLVFDILDLKGKTKSPRYKI-derived 
peptides that shared homology with other im- 
munogenic regions of the mouse d c  mole- 
cule [ d c  (735-747), GQFIDSGKGAEKL, 
and amhc (314-332), DSAFDVLSFTAEEK- 
AGVYK] did not cause inflammatory heart 
disease (8, 11). Thus, antigenic mimicry be- 
tween Chlamydia peptides and a heart muscle- 
specific myosin peptide can lead to the devel- 
opment of inflammatory heart disease. 

The development of murine autoimmune 
myocarditis depends on the activation of 
CD4+ T cells (7). To directly address the 
hypothesis of antigenic mimicry between an 
endogenous cardiac specific peptide and 
Chlamydia-derived peptides, we immunized 
BALBIc mice with M7Aa, ChTRl, or anoth- 
er cardiac-specific amhc-derived peptide, 
designated kka (10). This kkcl peptide is 
restricted to I-Ak MHC class I1 molecules, 
and kkcl immunization induces myocarditis 
in AIJ (I-Ak) mice (9) but not in BALBIc 
(I-Ad) mice (11). Immunization with M7Aa 
or ChTRl, but not with kkcl or FCA alone, 
led to splenomegaly and large expansion of 
TCRaP+ CD4+ T cells, TCRaP+ CD8+ T 
cells, B220+ B cells, and CDllb+ macro- 
phages, beginning 8 days after the initial 
immunization (18). Most (>50%) of CD4+ 
and CD8+ T cells expressed CD69 and 
CD25, indicating that these cells had been 
activated in vivo (19). Splenic T cells from 
mice immunized with the endogenous pep- 
tide M7Aa proliferated when incubated with 
splenocytes pulsed with the M7Aa peptide 
(Fig. 2A) (20). Splenic T cells from these 
mice also showed a strong proliferative re- 
sponse to the C. trachomatis-derived peptide 
ChTRl (Fig. 2A). T cells from M7Aa- or 
ChTR1-immunized mice did not proliferate 
above control when incubated with y-irradi- 
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ated splenocytes pulsed with the nonpatho- M7Aa peptide. Mice immunized with M7Aa 
or ChTRl also produced antibodies to the 
!&a peptide (Fig. 2B), suggesting that 
M7Aa- and ChTR1-induced heart disease 
leads to epitope spreading at the B cell level. 

How can Chlamydia infections in the lung 
or reproductive organs lead to the develop- 
ment of myocarditis? In our experimental 
model of inflammatory heart disease we used 
FCA as a potent irnmunoactivator. Bacterial 
DNA, but not mammalian DNA, has direct 
immunostimulatory effects in vitro and in 
vivo (24). We tested whether bacterial 

DNA-derived synthetic oligodeoxynucleo- 
tides (ODNs) containing unmethylated CpG 
islands could act as adjuvant for peptide- 
mediated autoimmunity. Various synthetic 
CpG motif-containing ODNs could trigger 
inflammatory autoimmune heart disease in 
M7Aa peptide-immunized BALBIc mice 
(Table 2 and Fig. 1F) (25). Immunization of 
BALBIc mice with a CpG ODN derived from 
the C. trachomatis CRP gene plus the M7Aa 
autoantigen induced inflammatory heart dis- 
ease in the absence of FCA (Table 2 and Fig. 
1F) (25). Immunizations in which a control 

genic !&a peptide. Splenic T cells from mice 
immunized with ChTRl proliferated to 
ChTRl and to the endogenous M7Aa pep- 
tide. Splenic T cells from control mice irn- 
munized with FCA only did not proliferate 
when activated with M7Aa. ChTRl, or kka. 
Thus, ChTRl peptide immunizations can 
cross-prime for T cell reactivity against the 
endogenous M7Aa. 

Cardiac myosin-induced autoimmune 
myocarditis can be transferred adoptively 
into nonimmunized recipient mice (7). To 
establish the autoimmune basis of Chlamydia 
peptide-induced heart disease, we injected 
splenic T cells from ChTR1-immunized 
mice, restimulated in vitro with ChTRl pep- 
tide and murine recombinant interleukin-2 
(rnrIL-2), into syngeneic BALBIc recipient 
mice (four mice per group) (21). All animals 
developed inflammatory heart disease similar 
(severity 1.0 2 0.0) to that seen after direct 
immunization with ChTRl peptide (Fig. 1E). 
Svlenic T cells from FCA-immunized do- 

Lordies to the M7ia pptide used for the Fig. 3. Blood vessels in mice immunized with C. trachomatis 60-kD CRP-derived peptide (70.30). 

induction of the disease and to the C ~ T R ~  (A) Thickening of the arterial wall and perivascular fibrotic changes in mice immunized with ChTRl. 
The perivascular mononuclear inflammatory cells are apparent. (B) Normal morphology of the 

peptide (Fig' 2B) (23)' immuniza- cardiac artery in mice immunized with FCA alone. (C) Occlusion of cardiac blood vessels in mice 
tion with the trachornatis-derived peptide immunized with ChTR1. (D) No occlusions in cardiac blood vessels were seen in control mice 
ChTRl induced the production of serum an- immunized with FCA alone. (A and B) Elastica staining for collagen (red) to detect fibrotic changes. 
tibodies to ChTRl and to the endogenous (C and D) H&E staining. Magnification, X320. 

A 
Immunization 

in vitm Stimulation 

ChTR 
FCA CbTRl 

M7Aa 

kku 

ChTRl ChTRI 

C h T R l  C h T R l  

M7Aa 

kka M A u  

kka 

M7Aa ChTRl 

M7Au 

ChTR 1 

M7Aa 

kkU kka 

['HI Thymidine Uptake (CPM) 

Fig. 2. (A) Splenic T cell proliferation and (B) serum IgC antibody triplicate cultures is shown (mean ? SD). One representative result of 
production. (A) Proliferative responses to M7Aa, ChTRl, or kka peptides, three different experiments is shown. (B) Serum IgG antibodies reactive 
Splenic T cells from mice immunized with the indicated peptides were to cardiac-specific epitopes and ChTRl. Specific antibody production was 
cultured with y-irradiated syngeneic splenocytes pulsed with the indi- determined by ELlSA (23). For each immunization, representative results 
cated peptides (20). [3H]thymidine uptake (counts per minute) in of three individual mice are shown. 
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non-CpG ODN was used plus peptide did not 
induce disease (Table 2). Thus, CpG motif-
containing bacterial DNA, including Chla­
mydia DNA, can function as potent immuno-
activator for autoimmunity. 

Chlamydia pneumoniae has been linked to 
atherosclerosis and the clogging of blood ves­
sels (3, 26 ). Experimental C. pneumoniae 
infections in rabbits and mice accelerate ath­
erosclerosis and lead to focal periarteritis 
(27) and C trachomatis infections lead di­
rectly to myocarditis (28). Mice immunized 
with Chlamydia peptides developed perivas­
cular fibrosis (Fig. 3, A and B), fibrinous 
occlusions of cardiac blood vessels (Fig. 3, C 
and D), and thickening of the arterial walls 
(29, 30). Fibrinous occlusion originating 
from blood vessel endothelium (Fig. 3C), a 
minimum of one per individual heart, oc­
curred in 19 out of 32 (60%) hearts analyzed 
from mice immunized with Chlamydia-dc-
rived peptides. Similarly, fibrinous occlusion 
originating from blood vessel endothelium 
occurred in 14 out of 21 (67%) hearts ana­
lyzed from mice immunized with M7Aa. No 
fibrinous occlusions were detected in hearts 
from mice immunized with FCA only. 

Because activation of autoaggressive T 
and B cells occurred in the absence of an 
overt bacterial infection, we then determined 
whether actual Chlamydia infections would 
lead to the activation of autoaggressive lym­
phocytes reactive to heart-specific antigens. 
BALB/c mice were infected with C tracho­
matis through the respiratory tract and the 
reproductive organs (31). Inflammation of 
both the respiratory tract or the reproductive 
organs led to the production of immunoglobulin 
G (IgG) antibodies to heart-specific epitopes in 
BALB/c mice (Fig. 4). Because in the mouse 
model of autoimmune myocarditis, the produc­
tion of IgG antibodies to heart-specific epitopes 
is dependent on the activation of autoaggressive 
T and B cells (8), these data show that infection 
by C trachomatis can activate autoaggressive 

Fig. 4. Serum IgG anti­
body production in C 
tra ch o m a tis- i n f e c t e d 
mice. Eight-week-old 
female BALB/c mice 
were inoculated either 
intranasally or intra-
vaginally with the indi­
cated doses of C. tra­
chomatis MoPn IF Us 
(37). Thirty-six days 
(intranasal infection) or 
42 days (intravaginal 
infection) after the in­
oculation, serum was 
collected and specific 
IgG antibody produc­
tion was determined by 
ELISA (Fig. 2B). Repre­
sentative data from 
individual mice are 
shown. 

lymphocytes in BALB/c mice. 
Our results lead us to propose that Chla­

mydia infection of an organ can lead to a 
local immune response followed by systemic 
activation of autoreactive T and B lympho­
cytes. Because Chlamydia peptides can mim­
ic the effects of heart muscle a myosin heavy 
chain-derived immunogenic epitopes, T cells 
activated by Chlamydia-dstivQd peptides may 
nigger organ-specific inflammation within the 
heart. Dendritic cells, which are resident within 
the heart and localize in the vicinity of blood 
vessels, can present cardiac myosin peptides 
even in healthy animals (7). This observation 
could account for the invasion of autoaggres­
sive T cells that were activated in other or­
gans. In light of the above data, it is conceiv­
able that, during the course of a bacterial 
infection, the bacterial DNA acts as a potent 
adjuvant facilitating the activation of autoag­
gressive T cells (24). 

In mice, the development of peptide-trig-
gered inflammatory heart disease is related to 
genetic differences among inbred mouse 
strains (6). Similarly, genetic and environ­
mental risk factors may determine suscepti­
bility to Chlamydia-rclatGd heart diseases in 
humans. Chlamydia infections are common, 
and most people can expect to experience a 
Chlamydia infection at least once during their 
lifetime (32). Our data suggest that antigenic 
mimicry of autoaggressive myosin epitopes 
by peptides present not only in C pneu­
moniae but also in C trachomatis and C 
psittaci may be linked to inflammatory heart 
disease. Molecular mimicry between bacteri­
al and viral proteins and endogenous mole­
cules has been implicated in various autoim­
mune diseases, including insulin-dependent 
diabetes, multiple sclerosis, and autoimmune 
herpes stromal keratitis (33). After initiation 
of the disease, epitope spreading leads to the 
maintenance and progression of inflamma­
tion. Other mechanisms that could also con­
tribute to the pathogenesis of cardiovascular 

Epitope 

• ChTRl 
OB M7Aa 
• kka 

diseases after Chlamydia infection include 
the production of inflammatory cytokines, 
bystander activation of lymphocytes, or both 
(34). Our results provide experimental in 
vivo and in vitro evidence of molecular mim­
icry between bacterial antigens and heart-
specific proteins and indicate that bacterial 
peptides can trigger tissue-specific inflamma­
tion of the heart. In particular, this study 
establishes a causal link between Chlamydia 
infection and heart disease. 
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Amyloid Formation in Vitro 

from Native Ure2p 
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The [URE3] non-Mendelian genetic element of Saccharomyces cerevisiae is an 
infectious protein (prion) form of Ure2p, a regulator of nitrogen catabolism. 
Here, synthetic Ure2p1 - 6 5 were shown to polymerize to form filaments 40 to 
45 angstroms in diameter with more than 60 percent |3 sheet. Ure2p1 - 6 5 

specifically induced full-length native Ure2p to copolymerize under conditions 
where native Ure2p alone did not polymerize. Like Ure2p in extracts of [URE3] 
strains, these 180- to 220-angstrom-diameter filaments were protease resis­
tant. The Ure2p1_65-Ure2p cofilaments could seed polymerization of native 
Ure2p to form thicker, less regular filaments. All filaments stained with Congo 
Red to produce the green birefringence typical of amyloid. This self-propagating 
amyloid formation can explain the properties of [URE3]. 

Genetic evidence identified [URE3] and of the transcription regulator Gln3p (2). 
[PSI], two nonchromosomal genes of Sac- Sup35p is a subunit of the translation release 
charomyces cerevisiae, as prions of Ure2p factor (3). [URE3] (4) and [PSI] (5) are al­
and Sup35p, respectively, which implies that tered forms of Ure2p and Sup35p that have 
proteins can be hereditary material (7). In lost their normal functions but have acquired 
response to a good nitrogen source (ammonia the ability to convert their normal forms into 
or glutamine), Ure2p blocks assimilation of the altered (prion) form (7), a notion support-
poor nitrogen sources by blocking the action ed by genetic and biochemical data (6-10). 

The prion concept originates in studies of the 
spongiform encephalopathies (77), believed 
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