
dues, as well as neuraminidase and O-glycosi- 
dase (Fig. 4B). This modification was not ob- 
served when Kir3.1 (1 to 373)-FCYENE was 
retained in the ER by fusing it to the a,,-
adrenergic receptor COOH-terminal 14 ami- 
no acids (11, 13) (Fig. 4B), containing an 
RXR(R)-type retention and retrieval motif 
that could override the ER export signal (see 
below). Thus channels acquired this modifi- 
cation after exiting the ER, a process promot- 
ed by the FCYENE sequence. 

The FCYENE sequence exerted a similar 
trafficking effect on Kv1.2, a voltage-gated po- 
tassium channel with little homology to l r  
family members (Fig. 4C, top panels). Because 
coexpression with KvP2 improves cell-surface 
targeting of Kv1.2, KvP2 is believed to facili- 
tate the folding and maturation of Kv 1.2 in the 
ER (14). Not only did the FCYENE motif 
mimic KvP2 in promoting Kv1.2 surface ex- 
pression, it also largely occluded the ability of 
KvP2 to further promote surface expression of 
the fusion protein (Fig. 4C, bottom). Consider- 
ing the similarity of the effects of KvP2 and the 
FCYENE sequence, it will be interesting to 
determine whether the ability of KvP2 to pro- 
mote Kv1.2 surface expression reflects im-
proved Kv1.2 folding or the presence of an ER 
export sequence in KvP2. 

We next tested whether FCYENE can alter 
the subcellular localization of proteins that are 
normally held in the ER by retention and re- 
trieval. We examined l r 6 . 2  or GABABRla (a 
subunit of G protein-coupled receptor for the 
neurotransmitter y-aminobutyric acid). The lat- 
ter is a nonchannel protein that exists as a 
monomer or dimer (15). Both proteins, when 
expressed alone in COS7 cells, remain in the 
ER via an RXR(R)-mediated retention and re- 
trieval mechanism (15, 16). Although deleting 
RKR from Kir6.2 (Kir6.2A36) (16) or mutating 
RSRR in GABA,Rla to ASRR (GA13ABRla- 
ASRR) (15) resulted in an increase of surface , .  . 
expression, the majority of the protein was still 
in the ER 24 hours after transfection (Fig. 4D). 
Strong Golgi staining and further increase of 
the surface expression were observed when 
FCYENE was introduced to the COOH-termi- 
nus of l r6 .2A36 or GABA,Rla-ASRR (Fig. 
4D), but not wild-type Kir6.2 or GMA,Rla. 
FCYENE increased the surface expression and 
surface currents of l r6 .2A36 proportionately 
(Fig. 4E), suggesting that it did not simply 
allow misfolded or misassembled channel pro- 
teins to escape from the ER. Thus FCYENE 
could not override the ER retention and retriev- 
al caused by RXR(R) under our experimental 
conditions. Furthermore, in the absence of 
RXR(R) retention and retrieval signals. the bulk 
of K1r6.2A36 and GABABRla-ASRR exited 
the ER very slowly, but their ER export could 
be enhanced by the introduction of an exoge- 
nous ER export signal. 

The FCYENE motif is conserved in the 
Kir2 subfamily but is absent in Kirl.1 ( I@, 

yet the COOH-terminus of Kirl.1 could sub- 
stitute for that of Kir2.1 in promoting forward 
trafficking (Fig. 1B). Thus we explored 
whether the COOH-terminus of Kirl. 1 also 
contained an ER export signal. Indeed, ER 
export and surface expression were achieved 
by adding just the last 19 amino acids (YD- 
NPNFVLSEVDETDDTQM) of Kirl .1 to ei- 
ther Kir2.1 (1 to 374) (Fig. 4F, top) or 
Kir6.2A36. Alanine scanning mutagenesis in- 
dicated that mutating either of the EXD se- 
quences or the upstream VLS sequence abol- 
ished the ER export effect (Fig. 4F, bottom). 
Furthermore, conservative mutations of the 
acidic residues (E to D or D to E) were also 
not tolerated. 

Thus, we have shown that Kir 1.1 and l r 2 . 1  
contain distinct ER-to-Golgi forward-traffick- 
ing signals that do not appear to be required for 
channel folding, assembly, or gating, but that 
are essential for export of the channels from the 
ER. Ion channels such as Kir6.2A36 and Kv1.2 
largely remain in the ER because of a lack of 
forward-trafficking signals, and their steady- 
state surface expression and the current levels 
can be greatly enhanced by fusion with an 
exogenous ER export signal. Our results rein- 
force the notion that signals like the DXE motif 
of VSV-G increase the ER export rate (7, 8), 
and further demonstrate the physiological sig- 
nificance of diacidic motifs. We have also 
shown that the flanking residues of diacidic 
motif are essential for ER export, and they are 
not limited to Tyr-based residues as previously 
suggested (8, 17) .  The variation of forward- 
trafficking signals in different potassium 

channels presents one potential mechanism 
for differential regulation of surface channel 
numbers. 
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Dilated cardiomyopathy is a severe pathology of the heart with poorly under- 
stood etiology. Disruption of the gene encoding the negative immunoregulatory 
receptor PD-1 in  BALBIc mice, but not in  BALBIc RAG-2-I- mice, caused dilated 
cardiomyopathy wi th  severely impaired contraction and sudden death by con- 
gestive heart failure. Affected hearts showed diffuse deposition of immuno- 
globulin C (IgC) on the surface of cardiomyocytes. All of the affected PD-1 -I-
mice exhibited high-titer circulating IgC autoantibodies reactive t o  a 33-kilo- 
dalton protein expressed specifically on the surface of cardiomyocytes. These 
results indicate that PD-1 may be an important factor contributing t o  the 
prevention of autoimmune diseases. 

Dilated cardiomyopathy is a chronic disorder sis is based primarily on clinical criteria and 
of the heart muscle characterized by a poorly on the exclusion of identifiable underlying 
contractile and dilated ventricle. The diagno- causes (1). Consequently, patients with dilat- 
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ed cardiomyopathy represent a heterogeneous erative in this disease. Involvement of an We examined the potential contribution of an 
group affected to varying degrees by genetic, immune mechanism in patients with dilated autoimmune pathway in a spontaneous model 
viral, immunological, and environmental fac- cardiomyopathy is still controversial (3), al- of dilated cardiomyopathy. 
tors (2). This has complicated identification though a certain fraction of patients do pos- When bred on the BALB/c background 
of the underlying pathogenic mechanisms op- sess antibodies against self antigens (4-6). (7), PD-I ' mice started to die as early as 5 

weeks of age (Fig. 1A). By 30 weeks, two- 

Fig. 1. Development 
of dilated cardiomy- 
opathy in BALBlc-PD- 
I-'- mice leading to  
heart failure. (A) Sur- 
vival curves for PD- 
I+'+. PD-~+'-. PD- - . - - -  
I-'-, and PD-1';- $ 
RAG-2-'- mice. (B) 
Representative images 
of hearts from PD- 
I+'' (left) and PD- 
1-I- (;ighi) mice. (C) 0 1 0 2 0 3 0 4 0 5 0  
Hematowlin and eosin weeks 

stainine 6 f  the mid- C 
transv&se section of 
hearts from PD-lf'+ 
(+I+) (left) and PD- 
I-'- ( I - )  mice 
(middle) shown at the 
same magnification. 
LV, left ventricle; RV, 
right ventricle. (Right) LIA 

~rrowheads indicate the degenerated cardiac myocyte apposed by the relatively intact ones. MF 
and Mc indicate myofilaments and mitochondoria, respectively. Original magnification, X8000. 

Fip. 2. Dilation and im- A 

stolic (left) and end- 
systolic (right) dimen- ,,, LVM LVDs %FS 
sions. IVS, interventric- 
ular septum; LV, left rl ([ ventricle; RV, right ven- 
tricle; LVPW, left ven- 
tricular posterior wall * 
(B) Indices of heart , 
movement based on the 
echocardiogra hic anal- 
ysis of PD-1 +!+ (n = 5) +I+ -I- +/+ -/- +/+ -I- 
and PD-I-'- (n = 4) 
mice. LVDd, left ventricular end-diastolic dimension; LVDs, left ventricular end-systolic dimension; and 
%FS, percent fraction shortening. Statistical significance (P value) was evaluated by Student's t test. 

thirds of PD- I a n d  10% of PD- I ' I .  mice 
had died, whereas all of the PD-1 +I+ controls 
survived. In contrast, premature death was 
not observed in either BALBIc PD-I / -- 

RAG2-I- or B6-PD-I-/ mice (8). Dis- 
eased PD-I / -  mice exhibited protrusion of 
eyeballs a few weeks preceding death, and 
autopsy examination revealed that all dis- 
eased mice exhibited massively enlarged 
hearts (Fig. I B) and varying degrees of hep- 
atomegaly. Collectively, these features sug- 
gested that the cause of death was congestive 
heart failure. Histological examination (9) re- 
vealed that the right ventricular walls of PD- 
I - /  mice were thinner than those of the 
control mice, and that both ventricles were 
dilated about twofold in diameter (Fig. IC). 
Sporadic fibrotic reaction, including in- 
creased cellularity and interstitial fibrosis 
with scar formation (Fig. IC, right), was also 
observed, although the ventricular walls ap- 
peared otherwise grossly normal, without any 
apparent infiltration of mononuclear cells. 
Electron microscopic examination (9) .  how- 
ever, revealed the scattered degeneration of 
cardiomyocytes with disarrayed and disrupt- 
ed myofilaments and irregularly shaped mi- 
tochondria throughout the ventricular walls 
[Fig. ID and Web fig. 1 (lo)]. 

To evaluate heart function, we performed 
transthoracic echocardiography (11) on dis- 
eased, as well as PD-I +I+ control, mice. Ven- 
tricular cavities of PD- I ' mice. in  articular . . 
those of the right ventricles, appeared greatly 
dilated, and their wall thickness was markedly 
reduced as compared with those of PD-I ' I  ' 
mice (Fig. 2A, "2D). The movement of cardi- 
ac walls of the left ventricle and interventricular 
septum was decreased at both diastole (LVDd) 
and systole (LVDs) in PD-I mice (Fig. 2A, 
"M-mode"), and the ventricular fractional 
shortening (II), a measure of systolic function, 
was greatly reduced, from 7 1.9% (PD- I + I ' ) to 
14.9% (PD-I -I -) (P < 0.005) (Fig. 2B). These 
findings indicated that the pump function of the 
dilated hearts of PD-1'- mice was severely 
impaired in a manner consistent with dilated 
cardiomyopathy (12). 
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R E P O R T S  

Because all PD-I-'- mice bred on the of the heart disease in BALBIc-PD-I-'- 
BALBIc-RAG-2-'- background remained mice to the functions of T andlor B lympho- 
healthy (Fig. 1 A), we attributed development cytes. Consistent with this notion, prelimi- 

Fig. 3. (A) Deposition of IgC and C3 complement in the affected hearts of PD-I-'- mice. Heart 
sections from PD-l+If (+I+) or PD-1-I- mice (-I-) were directly stained with FITC-labeled 
anti-mouse IgM (left), anti-mouse IgC (middle panels), or anti-C3 complement (right). Actin was 
counterstained with rhodamine-phalloidin (middle right). Bars. 100 pm. (B) Ultrastructural local- 
ization of the mouse IgC deposition around cardiomyocytes. M, myocytes. Arrow, plasma mem- 
brane; arrowhead, IgC deposition on plasma membrane. Bars, 1 pm. 

nary studies revealed that disease could be 
successfully transferred into RAG-2-'- mice 
with spleen or bone marrow cells from dis- 
eased mice. In these experiments, recipient 
mice that developed cardiomyopathy again 
exhibited high-titer autoantibodies of equiv- 
alent specificity to those observed in the orig- 
inal animals (13). We therefore examined 
PD-I ' mice for signs of heart-specific im- 
mune reactions. Immunofluorescent analysis 
( 9 )  revealed the linear deposition of immu- 
noglobulin G (IgG), but little IgM, together 
with C3 complement surrounding the cardio- 
myocytes in the affected P D - I - '  hearts, 
whereas no significant IgG deposition was 
detected in PD-I+'+ hearts (Fig. 3A). The 
isotype of the deposited IgG was predomi- 
nantly IgGl (14). IgG deposition was ob- 
served diffusely throughout the entire cardiac 
wall regardless of the presence of tissue dam- 
age. Little IgG deposition could be detected 
in other organs, including renal glomeruli 
(14). Immunoelectron microscopic observa- 
tion (IS) indicated that virtually all myocytes 
in the affected PD-I-'- hearts were sur- 
rounded by a large number of the IgG-spe- 
cific immunogold particles, which were lo- 
cated both on the surface plasma membrane 
and in the extracellular matrix. In contrast, no 
immunogold particles were detected around 
the wild-type cardiomyocytes (Fig. 3B). 
These results suggest that IgG deposition 
may result from antibody binding to heart- 
specific surface antigens. 

To confirm the presence of an autoim- 
mune reaction against the heart, we exam- 
ined mice for the presence of autoantibod- 
ies specific for heart tissue (16). Sera from 
all of the diseased PD- I -'- mice (1 7 out of 
17) exhibited high-titer IgG reactive to a 
33-kD protein in the normal heart extract 

extracts of heart, liver, kidney, and ckeletal mus- 
cle as in (A). (C) lsotypes of serum autoantibod- 
ies specific for the heart 33-kD antigen in PD- 
1 -I- mice. The experiments were done as in (A), 

Fig. 4. Development of circulating autoantibod- A 

except that anti-mouse IgC was used as the 
secondary antibody. (D) Elution of autoantibod- 2nd Abs lgG1 IgG2a IgG2b lgG3 IgG 

ies from the affected hearts. Heart extracts from against 

IgG eluted from serum from 

PPl+'+ P P l "  PP1'- l - i  

- e 
e .. P -.a " r" 3z C - 

P D I A  29.1 .OI - a 9 1  - 

pM+ 34-9- 
29.1 Y 

ies against the heart tissue in diseased PD-1 -I- - 
mice. (A) IgC autoantibodies were examined 1- 
against the normal heart extract with sera from 84- 

BALBIc-PD-1 +I+ mice, BALBIc-PD-1 -I- mice 
with dilated hearts, and BALBIc-PD-1-I- mice 52- 

without the disease. Normal BALBIc heart ex- 
tract was subjected to  electrophoresis in 12% 

3t, SDS-PACE, blotted onto nitrocellulose filters. 
and probed with sera (1:300) followed by incu- ao2- bation with anti-mouse IgC (73). Representative 
results for each group are indicated. Arrowhead, (m) 

normal BALBIc and affected PD-1-I- mice were 
precipitated with protein C-beads; the precipitates were eluted with 0.1 M citric acid (pH 3.0), followed immediately by neutralization (3 M NaCl. 
1.5 M glycine, pH 8.9). Eluate from the PD-1-I- mouse contained abundant IgC relative to  that from the BALBIc mouse. lmmunoreactivity of the 
eluates was examined against normal heart extracts as in (A) along with serum from the same PD-1-I- mouse. 

b 9. V 
* * !  . i 

@ ' - 
; * o f  ' -  
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PMJ- without 
disesse 
n=6 

33-kD protein. (B) lmmunoreactivity of sera 
from age-matched BALBIc-PD-l+/+ and BALBI BALB1c-pCbl *I' 
c-PD-1-I- mice was examined against tissue n=7 

PM-" with 
dilated heart 

n% 



(Fig. 4A). In contrast, autoantibodies were 
not detected in the sera from age-matched 
PD-I+ mice (0 out of 7). Similarly. sera + 

from PD-1- - mice without macroscopic 
cardiomegaly did not exhibit comparable 
reactivity to the 33-kD protein (0 out of 
21). except at very high concentrations. 
Reactivity was also not detected in B6 or 
B6-PD-1 - - mice (14). Thus, the presence 
of high-titer IgG autoantibodies specific for 
the 33-kD protein in the heart correlated 
strongly with the clinical manifestation of 
dilated cardiomyopathy. The 33-kD autoan- 
tigen appeared to be specifically expressed 
in the heart tissue, because it was not de- 
tected in other tissues such as liver, kidney, 
or skeletal muscle in sera from BALBlc- 
PD-1 - mice with the disease (Fig. 4B). 

Occasionally, we observed low but mea- 
surable titers of autoantibodies against the 
33-kD protein in apparently healthy PD- 
1 mice, which developed the disease 
within about a month. The results also sug- 
gest that autoantibodies against the 33-kD 
protein may be a cause of the disease rather 
than the result of tissue damage. No other 
common autoantibodies, including antibod- 
ies to double-stranded DNA. were detected 
in the sera of PD-1 mice. The autoanti- 
body was predominantly of the IgGl sub- 
class in all affected PD-1 mice (7 out of 
7 )  (Fig. 4C). consistent with the immuno- 
staining analysis of the heart. IgG deposit- 
ed in the affected heart tissue was collected 
by immunoprecipitation from tissue extract 
with protein G-beads, and by acid elution. 
The eluted IgG reacted to the specific 33- 
kD protein, which appeared to be identical 
to that detected in sera from diseased PD- 
1 mice (Fig. 4D). These results present 
direct evidence that circulating autoanti-
bodies are specifically associated with 
heart tissue in diseased mice. To character- 
ize the properties of the 33-kD antigen 
recognized by autoantibodies, we purified 
the antibodies bound to the 33-kD protein 
and used them for staining isolated cardio- 
myocytes (1 7). Autoantibodies specific for 
the 33-kD protein stained the surface of 
cardiomyocytes with a dotted pattern that. 
to some extent, resembled the staining pat- 
tern observed with wheat-germ agglutinin, 
which binds to the transverse ( T )  tube (18) 
[Web fig. 2 ( lo)] .  Because there are no 
known surface proteins of 33 kD on cardiac 
muscle. it is premature to conclude that the 
33-kD antigen is associated with the T tube. 
However, it is reasonable to speculate that 
this protein is involved in cardiac function 
and that inhibition of such functional mol- 
ecule by antibody binding might cause dys- 

function of cardiac muscle 
Engagement of the PD-1 receptor with 

its membrane-bound ligand (PD-L1) of the 
B7 family has recently been shown to in- 
hibit the proliferation of anti-CD3-stimu- 
lated T cells as well as anti-IgM-stimulated 
B cells (14, 19), indicating that PD-1 is a 
negative immuno-regulator of activated 
lymphocytes. Unlike other B7-related 
members. PD-Ll is detected not only in 
antigen-presenting cells. but also constitu- 
tively in the heart and kidney (14. 19). 
Thus. it is possible that cells in the heart 
can directly down-regulate the proliferation 
of autoreactive lymphocytes, ensuring a fi- 
nal safeguard against autoreactivity within 
peripheral tissues (20). Because B6-PD- 1 
mice show distinct autoimmune symptoms 
from those seen in BALBlc-PD-1 mice (8). 
the present results reinforce the notion that dys- 
function of PD-1 may underlie distinct types of 
autoimmune diseases, which are dependent on 
other background genetic factors. 

Dilated cardiomyopathy is a progressive 
and life-threatening disease, and little effec- 
tive therapy is currently available. The results 
presented here raise the possibility that some 
forms of cardiomyopathy may have an auto- 
immune basis, and identification of possible 
autoantigen(s) may open new therapeutic ap- 
proaches for this significant disease. 
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