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< 0.0001) congenic mice (Fig. 1, A and 

Linkage On Chromosome 3 of Autoimmune B). We obtained further evidence that this 

Diabetes and Defective Fc Receptor for IgG segment, and not a region on a different 
chromosome. is the cause of the reduction 

in NOD Mice in diabetes 'frequency by demonstrating 
linkage between chromosome 3 and diabe- - 

Jan-Bas Prins, John A. Todd, Nanda R. Rodrigues, tes in a backcross analysis (1 I ) .  Statistical 
analyses of backcross data (3) and the fre- 

Soumitra Ghosh, P. Mark Hogarth, Linda S. Wicker, quency of diabetes in other congenic strains 
Erin Gaffney, Patricia L. Podolin, Paul A. Fischer, encompassing different regions of chromo- 

Anna Sirotina, Laurence B. Peterson some 3 (4) indicate that Idd-3 is encoded by 
two or more distinct chromosome 3 loci, 

A congenic, non-obese diabetic (NOD) mouse strain that contains a segment of chromo- one of which is in the D3Nds7-D3Nds8 
some 3 from the diabetes-resistant mouse strain B6.PL-Thy-la was less susceptible to region. The occurrence of diabetes in the 
diabetes than NOD mice. A fully penetrant immunological defect also mapped to this NOD.D3Nds7 D3Nds8 congenic strain 
segment, which encodes the high-affinity Fc receptor for immunoglobulin G (IgG), FcyRI. shows that the NOD alleles of genes in this 
The NOD Fcgrl allele, which results in a deletion of the cytoplasmic tail, caused a 73 region are not essential for disease develop- 
percent reduction in the turnover of cell surface receptor-antibody complexes. The de- ment but do contribute significantly. 
velopment of congenic strains and the characterization of Mendelian traits that are specific Another approach to the dissection of a 
to the disease phenotype demonstrate the feasibility of dissecting the pathophysiology of complex disease is to identify Mendelian 
complex, non-Mendelian diseases. phenotypes that are caused by single, fully 

penetrant genes that can be mapped easily 
and precisely and that might indicate can- 
didate genes (12). We have identified such 

Complex diseases such as autoimmune, in- MHC loci encode significant effects and a trait in NOD mice. After injection of 
sulin-dependent diabetes mellitus (IDDM) progress in fine mapping depend on the complete Freund's adjuvant (CFA), the 
( 1 4 ) ,  hypertension (5), and epilepsy (6) demonstration that NOD strains that are number of peripheral blood cells expressing 
are largely determined by a number of gene congenic for chromosomal regions encod- Mac-1, an integrin molecule present on 
effects. The NOD mouse strain spontane- ing diabetes-resistant alleles are actually less macrophages, monocytes, and neutrophils 
ously develops IDDM (7), which is deter- susceptible to disease. (1 3), increased in both NOD (Fig. 2A) and 
mined by at least nine unlinked loci [Idd-1 Idd-3, which is linked to both diabetes nondiabetic strains such as C57BLllOSnJ 
through Idd-9 (1, 2, 8)]. With the excep- and insulitis, was mapped to a 48-centi- (BlO) (Fig. 2B). A,portion of Mac-l+ cells 
tion of Idd-1, which is encoded by genes morgan (cM) interval on chromosome 3, in NOD (Fig. 2, C and E) but not in B10 
within the major histocompatibility com- approximately between D3Nds6 [interleu- (Fig. 2D) mice bound a monoclonal anti- 
plex (MHC) on chromosome 17, no indi- kin-2 (11-2)] and D3Nds9 (Adh-1) (I) .  In body (MAb) to immunoglobulin G2a 
vidual locus appears to be absolutely essen- this 48-cM interval, the marker loci (IgG2a). The expression of this IgG2a+ 
tial for disease onset. Heterozygosity even D3Nds7 [Cacy (9)], D3Ndsll [Fcgrl (lo)], phenotype was unrelated to Idd-1 because 
at the MHC has a low, but significant and D3Nds8 (Tshb), which are in a 7-cM NOD.B10-H-2b mice (N0D.H-Zb) (14) 
penetrance that makes fine mapping by region, show strong linkage to diabetes and also developed this trait (Fig. 3). 
standard linkage analysis impractical (in insulitis (Table 1). These backcross data do The IgG2at phenotype was inherited in 
the absence of any obvious candidate not, however, permit assignment of the backcross and F, progeny as a single gene 
genes) ( 1 4 ) .  Proof that any of the non- disease locus within this 7-cM interval or dominant trait: 70 out of 129 ,or 54% of the 

even to an adjacent interval. In order to progeny from the backcrosses (B6.PL-Thy-I" 
J.-6. Prins, J. A. Todd, N. R. Rodrigues, S. Ghosh, 
Nuffield Department of Surgery, University of Oxford, 
John Radcliffe Hospital, Headington, Oxford OX3 Table 1. Linkage of D3Ndsl1 (Fcgr l)  and flanking marker loci to insulitis and diabetes (40). He, 
9DU, United Kingdom. heterozygous; Ho, NOD homozygous. 
P. M. Hogarth, Austin Research Institute, Kronheimer 
Building, Austin Hospital, Heidelberg 3084, Australia, 
L. S. Wicker and P. L. Podolin, Autoimmune Diseases ~~~k~~ l o c u s  Recombination lnsulitis x2 Diabetes 
Research. Merck Research Laboratories. Rahwav. NJ fraction (SE) He:Ho He:Ho x2 

. . 
07065. 
E. Gaffney and L. 6 .  Peterson, Department of Cellular D3Nds7 (Cacy) 31 :58 8.2* 22:84 36.3*** 
and Molecular Pharmacology, Merck Research Labo- D3Ndsl l  (Fcgr l)  0.031 (0.01 5) 27:61 13.1e* 24:82 31.7*** 
ratories, Rahway, NJ 07065. D3Nds8 (Tshb) 0.039 (0.01 7 )  32:57 7.0* 25:81 29.6*** 
P. A. Fischer and A. Sirotina, Immunology Research, 
Merck Research Laboratories, Rahway, NJ 07065. *P < 10-2. **P < ***P < 
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x NOD)F, x B6.PL-Thy-la or [BlO.NOD- 
H-2gi (BIO.H-2gi) x NODIF, x B10.H-Jg7 
expressed the phenotype as did 34 out of 44 or 
77% of (B1O.H-2g7 x NOD)F, mice. Using 
58 locus-specific microsatellites (1 5) across 
the genome and DNA from 129 phenotyped 
first backcross progeny, we mapped the gene 
to the D3Nds7 D3Nds8 interval on chromo- 
some 3 (Table 2) that contains the gene for 
the high-affinity Fc receptor for IgG (Fcgrl) 
(16, 17). We determined the NOD and B10 
Fcgrl cDNA sequences (18). The BlO se- 
quence was identical to the published mu- 
rine sequence (17). The NOD coding se- 
quence, however, has 24 single-base differ- 
ences, 17 of which encode changes in the 
predicted amino acid sequence (1 9). A de- 
letion of four bases creates a stop codon at 
position 337, which results in a cytoplasmic 
tail lacking 73 amino acid residues or about 

Fig. 1. The cumulative frequencies of diabetes 
by 21 0 days in NOD. D3Nds7 D3Nds8 male (A) 
and female (B) mice as compared with the 
parental strain. The cumulative frequency is 
significantly reduced in both male (9 out of 78 
versus 22 out of 49 NOD males; x2 = 18.2, 1 df, 
P < 0.0001) and female (28 out of 68 versus 40 
out of 50 NOD females; x2 = 17.8, 1 df, P < 
0.0001) congenic mice with a x2 test of inde- 
pendence (1 df). Breeding schemes of the 
congenic strains and information on marker loci 
are as described (42). None of the marker loci 
outside the congenic regions of chromosome 3 
were of donor strain origin. This indicates that 
the other chromosome 3 regions and regions 
on other autosornes previously linked to diabe- 
tes are of NOD origin in the NOD.DSNds7 
D3Nds8 strain. 

75% of the total length. We developed a 
polymerase chain reaction (PCR)-based as- 
say to detect this deletion in the backcross 
progeny (1 0). There was complete linkage 
between the mutation and the phenotype (P 
< Table 2). Further support for a 
direct causal effect of the mutant FcyRI 
came from the congenic strain B1O.NOD- 
H-2" D3Nds7 D3Nds8 (N,F,). This strain 
expresses the phenotype, which indicates 
that the segment of DNA near D3Nds8, 
which encodes the NOD Fcgrl allele, is 
sufficient to encode the defect (4). This 
segment is also necessary for expression of 
the phenotype because the reciprocal con- 
genic strain NOD.D3Nds7 D3Nds8 was nor- 
mal (4). The other known FcyR genes are 
located on chromosome 1 (20), and Fcgrl is 
the only FcyR gene mapped to this region of 
chromosome 3 (1 5, 17). The NOD IgG2at 
phenotype was dominant, but the results in 
Table 1 show that linkage of Fcgrl to insu- 
litis and diabetes was due to increased ho- 

mozygosity. Thus, one dose of the wild-type 
allele in heterozygous mice is sufficient for 
the normal function of FcyRI and provides 
protection from diabetes. 

To test if NOD FcyRI results in defec- 
tive processing of IgGZa, we measured the 
retention of FcyRI-IgG2a complexes on the 
surface of NOD.H-2b and B10 cells. When 
freshly isolated cells from CFA-injected 
mice were incubated with fluorescein iso- 
thiocyanate (F1TC)-labeled IgG2a (FITC- 
IgGZa), N0D.H-Zb cells bound little 
FITC-IgG2a (Fig. 3A; shaded) as compared 
with B10 cells (Fig. 3B; shaded), which is 
consistent with the possibility that NOD 
FcyRIs are already occupied with endoge- 
nous IgG. To remove endogenous IgG and 
facilitate binding with exogenous IgG2a in 
vitro, we first cultured NOD.H-2b and B10 
cells, after which both N0D.H-2' (Fig. 
3A; unshaded) and BlO cells (Fig. 3B; 
unshaded) showed distinct FITC-IgG2a 
binding, although the NOD cells were low- 

Table 2. Linkage of chromosome 3 to the IgG2a' phenotype (41). 

Marker locus Recombination Discordant 

fraction (SE) IgG2a+ IgG2a- 

D3Nds6 (11-2) 19/54 12149 16.8* 
D3Nds 1 0.129 (0.033) 10154 8148 42.7* 
D3Mit22 0.029 (0.01 7) 8170 10159 66.6* 
D3Nds7 (Cacy) 0.108 (0.027) 2170 2159 113.4* 
D3Nds 1 1 0.031 (0.01 5) 0170 0159 129.0* 
(Fcgr 1 ) 
D3Nds8 (Tshb) 0.039 (0.01 7) 3170 2159 109.7* 
D3Nds9 (Adh- I )  0.21 6 (0.053) 6130 8127 14 6* 

Fig. 2. Flow cytometrlc analysls of 200 B 
peripheral blood cells from NOD (A, 
C, and E) and 010 (6 and D) mlce 
Mlce were left untreated (shaded loo 
proflles) or lmmunlzed and boosted 
wlth CFA [unshaded proflles (38)] 
Mac-1 + cells (A B and E) were 
detected after lncubatlon of perlph- 5 O 
era1 blood cells with MAb to Mac-1 8 ' O0 lo '  O2 l o3  l O0 l o '  O2 O3 

(antl-Mac-I) and FITC-conjugated C 200 D 
MAb to rat K IgG2af cells (C and D) 
were detected wlth antl-lgG2a and 
FITC-conjugated MAb to rat K In the 
two-color analysls (E), IgG2a+ cells 
were detected wlth PE-conjugated 
antlbody to IgG2ab Quadrants I to IV 
contaln 1 3, 21 8, 51 8, and 25 1% of 
the population, respectively Injection 

l o 0  10' l o 2  l o 3  l o 0  10' l o 2  lo3  
Fluorescence intensity 

of CFA Into NOD (A) and B10 (B) 
Increases the number of Mac-1 + cells A portlon of Mac-1 + 

*lo3 - E 
cells In NOD (C and E) but not In B10 (D) bound MAb to 
IgG2a lsotype controls for each prlmary antlbody were 
negative In all experiments 

101 102 103 
Anti-Mac-1 

fluorescence ~ntensity 
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Fig. 3. Peripheral blood cells from 
CFA-iniected 139) N0D.H-Zb IA and 2501 ih A 250] B 

C) and B10 \B 'and D) mice were 
incubated with FITC-IgG2a irnrnediate- 
ly (A and B, shaded profiies) or after an 
overnight culture at 37°C (A and B, 
unshaded profiles). In the second half 
of the experiment, N0D.H-Zb (C) and 
B10 (D) peripheral blood cells were 
cultured for 16 hours at 37"C, incubat- 
ed with IgG2a in vitro, washed, incu- 
bated on ice with FITC-conjugated an- 
tibody to IgG2ab, washed, and then 
incubated for 0 rnin (C and D, un- 
shaded profiles) and 5 min at 37°C (C 
and D, shaded profiles) (38). 

er in intensity. To determine if receptor 
endocytosis was affected by the mutations, 
we cultured N0D.H-2' (Fig. 3C) and B10 
cells (Fig. 3D) as above and then incubated 
them with IgG2a and FITC-conjugated an- 
tibody to IgG2a. Subsequently, the cells 
were incubated at 37°C for 0 rnin and 5 
min. After 5 min, B10 cells had internal- 
ized 70% of their FcyRI-IgG2a cell surface 
complexes, compared with only 19% by the 
N0D.H-2' cells. Monomeric IgG2a was 
used in these experiments, which impli- 
cates the FcyRI for these effects and not the 
type I1 and I11 receptors (21), consistent 
with the genetic and sequencing data. The 
IgG2af phenotype could be due to a defect 
in receptor internalization or in the disso- 
ciation of IgG2a from the receptor, which 
could be related to the NOD mutations in 
the extracellular domains (1 9). 

Indirect evidence indicates that NOD 
macrophages are defective, but until now 
no specific defect had been described (22). 
Macrophages can express high concentra- 
tions of FcyRI (23) and are an essential 
component in the onset of insulitis and 
diabetes in NOD mice (24). Through their 
FcyRI, monocytes mediate antibody-de- 
pendent cellular cytotoxicity (ADCC) 
(25). ADCC activity in NOD mice has 
been shown to be higher than that in 
age-matched ICR mice, the strain from 
which NOD originated (26). We found 
that the ICR Fcgrl allele does not contain 
the deletion mutation (27). Furthermore, 
ADCC activity is elevated in human type 1 
diabetics (28). The binding of immune 

- ,  

100 10' l o 2  103 lo4-1 '00 101 102 103 l o 4  
Fluorescence intensity 

complexes to human FcyRI induces the 
release of tumor necrosis factor-a (TNF-a) 
(29). This cytokine has potent effects on 
the frequency of diabetes in NOD mice 
(30) and on the viability of P cells in vitro 
(31). Human FcyRI is anchored to the 
cytoskeletal component actin-binding pro- 
tein (32). After IgG binds to FcyRI, the 
actin-binding protein-FcyRI complex dis- 
sociates, which may allow the plasma mem- 

brane to become more flexible, suggesting a 
role for the actin-binding protein-FcyRI 
interaction in phagocytosis. Of 22 strains 
tested, only the high antibody responder 
Biozzi strain [AB/H; (33)], which produces 
high titers of antibodies like NOD (34), 
carries the Fcgrl nonsense mutation (35). 
AB/H macrophages have membrane pro- 
cesses that are not present on macrophages 
from the low-responder Biozzi line (36). 
This AB/H phenotype may be caused by 
increased membrane flexibilitv as a result of 
the putative absence of the interaction 
between actin-binding protein and truncat- 
ed FcyRI molecules. The introgression of 
smaller regions of chromosome 3 in con- 
genic strains and functional analysis of the 
mutant FcyRI will define the possible role 
of FcyRI in diabetes and permit identifica- 
tion of disease susceptibility genes. 
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Immuno-PCR with a Commercially Available 
Avidin System 

Antibody-based detection (1) and in vitro 
DNA amplification (2) together constitute 
a system that unifies two revolutionary 
methods of modern biology. Amplification 
of an antibody-born DNA label greatly 
enhances the signal. A method of immuno- - 
polymerase chain reaction (immuno-PCR) 
was recently described by T. Sano et al. (3). 
We have developed an antigen detection 
system, similar to an enzyme-linked immu- 
nosorbent assay (ELISA), that uses a bio- 
tinylated antibody and an avidin-biotinyl- 
ated DNA complex. We use commercially 
available avidin instead of the streptavidin- 
protein A-chimera, as proposed by Sano 
and Cantor (4). Each system has its advan- 
tages and drawbacks. - 

In our system, we prepare tenfold serial 
dilutions of the antigen to be detected 
(mouse antibody to apolipoprotein E, Bio- 
genesis, Bournemouth, United Kingdom) 
in 0.1 M of bicarbonate coating buffer, pH 
9.6. Then we immobilize the antigen on 
microtiter plates (Maxisorp, Nunc, Ros- 
kilde, Denmark) in a volume of 50 p1 at 
concentrations of 1 pg/ml to as little as 10 
ferntograms per milliliter (fglml) by incu- 
bation overnight at 4°C. Wells are then 

washed three times with 200 p1 of phos- 
phate-buffered saline (PBS), pH 7.4, and 
blocked with bovine serum albumin 
(BSA) (10 gAiter in PBS) for 2 hours. 
After three additional washings with PBS, 
biotinylated goat antibody to mouse im- 
munoglobulin G (IgG) is added at 250 
pglml in PBS that contains 0.01% (v/v) 
Tween 20 (PBS-Tween) and 1 g/liter BSA 
for 1 hour. 

Avidin-biotinylated DNA complex is 
prepared by adding 30 p1 of avidin prepa- 
ration (component B of the ABC system 
from Vector Laboratories, Burlingame, 
California) and 5 p1 of a biotinylated 
479-bp PCR product, which encompasses 
apolipoprotein B complementary DNA 
(cDNA) nucleotides 10354 to 10832 (5), 
to 10 ml of PBS and then incubating the 
mixture for 30 min. 

Unbound biotinylated goat antibody to 
mouse IgG is removed from the microtiter 
wells by five washings with PBS-Tween. 
Then 100 p1 of avidin-biotinylated DNA 
complex is loaded and incubated for 30 
min. Finally, wells are washed five times 
with 200 p1 of PBS-Tween and three times 
with distilled water. A 50-p1 PCR mixture 
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