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Summary. Pancreatic beta-cell destruction and development
of Type 1 (insulin-dependent) diabetes mellitus are associ-
ated with circulating islet cell antibodies. Mice with severe
combined immunodeficiency (SCID mice) were recon-
stituted with peripheral blood mononuclear cells from
Type 1 diabetic patients, one who was antibody positive and
one antibody negative, and from healthy individuals. Recon-
stituted mice were subsequently immunized with rat islets in
incomplete Freunds adjuvant or adjuvant alone. Seventeen
mice received peripheral blood mononuclear cells obtained
at three different time points from the islet cell antibody posi-
tive patient. Before immunization with rat islets two mice de-
veloped antibodies to glutamic acid decarboxylase, a major
target for antibodies in Type 1 diabetes, whereas none were
positive for cytoplasmic islet cell antibodies. Following im-
munization with rat islets, glutamic acid decarboxylase an-
tibodies were detected by immunoprecipitation in three
additional mice, two of which also became positive for cyto-

plasmic islet cell antibodies. Of 22 mice which received pe-
ripheral blood mononuclear cells from either the islet cell
antibody negative patient (n = 5) or from two healthy indi-
viduals (n = 17), none were positive for islet cell autoanti-
bodies before or after immunization. None of the islet cell
antibody positive mice became hyperglycaemic, showed im-
paired glucose tolerance or islet cell damage when studied
40 days after immunization (i.e. 100 days after reconstitu-
tion). In conclusion these results show that human B lympho-
cytes producing diabetes-associated autoantibodies can be
transferred to SCID mice and remain antigen sensitive, but
also that autoantibodies alone are not sufficient to induce
beta-cell destruction.
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tus.

Type 1 (insulin-dependent) diabetes mellitus is the result
of an autoimmune destruction of islet beta cells charac-
terized by mononuclear cell infiltration of the islets of
Langerhans and the presence of circulating islet cell auto-
antibodies [1-4]. Although several antigens have been im-
plicated as targets for these autoantibodies, a 64 kDa islet
cell protein, recently identified as the enzyme glutamic
acid decarboxylase (GAD) [5] seems to be a major target
[6-8].

Detailed analysis of the immune responses associated
with autoimmune diabetes in humans are not feasible and
animal models, e. g. non-obese-diabetic mice and BB rats,
have been used extensively to investigate the mechanisms
of beta-cell destruction [9-12]. Although the diabetes in
these animals appears to share homologies with Type 1
diabetes in man, it is not known whether the pathogenesis
accurately reflects that in humans. Recently, it has been
shown that mice with severe combined immunodeficiency
(SCID) engrafted with human peripheral blood mononu-

clear cells (PBMC) are permissive for long-term recon-
stitution of a partly functional human immune system
[13]. Further, SCID mice engrafted with human em-
bryonal thymus and lymph-node tissue have been shown
to support the differentiation of human T and B cells fol-
lowing injections of human bone-marrow cells [14]. Based
on these findings, several studies have shown that autoim-
munity associated with different diseases, e.g. systemic
lupus erythematosus, rheumatoid arthritis and thyroid
disease, can be transferred to SCID mice with lympho-
cytes from affected patients [15-17].

In this study we show that SCID mice, reconstituted
with PBMC from an islet cell antibody positive Type 1
diabetic patient, produce islet cell antibodies of human
origin. Immunization of the reconstituted SCID mice with
rat islets provoked the appearance of islet cell antibodies,
indicating that the transplanted immune cells had, at least
in part, preserved memory capability. Transfer of
diabetes-associated autoimmunity into SCID mice may
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Table 1. Human autoantibodies in SCID mice reconstituted with
peripheral blood mononuclear cells (PBMC) from Type 1 diabetic
patients and healthy individuals

PBMC Immunization GAD ICA 52kDa ANA
donor/ of mice () (n) ) (n)
ICAstatus  with (n)

Diabetic/ islets (2) 0 0 0 0
negative IFA (3) 0 0 0 0
Diabetic/ islets(10) 3 2 173 1
positive IFA(T) 2 0 072 1
Control/ islets (3) 0 0 0 0
negative IFA (2) 0 0 0 0
Control/ islets (6) 0 0 0 0
negative IFA (6) 0 0 0 0

SCID mice were reconstituted with PBMC from a glutamic acid de-
carboxylase (GAD) and islet cell antibody (ICA)-positive patient
isolated 4 {n = 5),10(n = 5)and 18 (n = 7) months after onset of dis-
ease and with PBMC from an GAD- and ICA-negative patient iso-
lated 4 months after onset. In addition healthy individuals who were
also GAD- and ICA-negative were used as control subjects. All sera
were tested for GAD, ICA and anti-nuclear antibodies (ANA), the
number of positive mice is indicated for each group. The number of
mice reacting with the 52 kDa antigen in immunoblotting analysis is
indicated as positive out of total number tested. Mice were im-
munized with rat islets in incomplete Freunds adjuvant (islets) or in-
complete Freunds adjuvant alone (IFA)

allow a more precise analysis of the mechanisms involved
in the pathogenesis of autoimmunity.

Subjects, materials and methods

SCID mice and immunization

C.B-17 scid/scid (SCID) mice, (Bomholtgaard, Ry, Denmark; male,
5-6 weeks old), with no endogenous immunoglobulin production
(< 10 ng/ml mouse IgG in serum), were injected i. p. with 20 x 105 Fi-
coll-isolated PBMC per mouse. The PBMC were obtained from
Type 1 diabetic patients, one islet cell cytoplasmic antibody (ICA)
and GAD antibody negative, and one ICA and GAD antibody posi-
tive (Table 1). The PBMC and serum from the antibody-positive pa-
tient were obtained 4 months, 10 months and 18 months after clini-
cal onset. SCID mice were also reconstituted with PBMC from two
healthy individuals (Table 1). Sixty days after reconstitution with
PBMC, mice were immunized i.p. with either neonatal Wistar rat
islets (1000 islets/mouse) in incomplete Freunds adjuvant (IFA) or
IFA alone. Blood samples were obtained one day before and 19 days
after immunization. The mice were analysed every 2 weeks for ele-
vated blood glucose levels and 19 days after immunization for im-
paired glucose tolerance. Blood samples were collected before glu-
cose injection and after glucose injection i. p. (2 g/kg body weight) at
20,40, 60, 90 and 120 min.

Frozen sections of the reconstituted SCID mice pancreata (3 pm
thick, acetone fixed) were analysed for islet cell pathology 100 days
after reconstitution, i.e. 40 days after immunization. The same sec-
tions were also analysed for the presence of human lymphocytes or
immunoglobulins by immunohistochemistry using fluorescence
conjugated monoclonal antibodies to human T cells (CD3. fluores-
cein isothiocyvanate (FITC) conjugated; Immunotech, Marseille,
France), human B cells (CD19, phycoerythrin-conjugated, Immuno-
tech) or to human Ig (goat-anti-human IgG H+ L, FITC-con-
jugated; Zymed, South San Francisco, Calif., USA). After incuba-
tion for 1 h with antibodies, the sections were washed in Dulbecco’s
phosphate buffered saline (PBS) (Gibco, Paisley, UK) and analysed
in a fluorescence microscope.

Assays for human immunoglobulins

Human IgG and IgM concentrations in serum were determined by
an antibody capture ELISA assay. Microtitreplates, coated with
goat-anti-human IgG or IgM (Zymed; 5pg/ml in 50 mmol/l
Na,COy/NaHCOs-buffer) were washed (3x in PBS with 0.1%
Tween 20), and incubated with serial dilutions (in PBS containing
1% BSA and 0.1 % Tween 20) of the test samples for 2 h. Bound Ig
was quantified with peroxidase-conjugated goat-anti-human IgG
(Zymed) (substrate: 0.4 mg/m! O-phenyldiamine and 0.03% hy-
drogen peroxide in water). The lower detection limit of the IgG
assay was 10 ng/ml. There was no detectable cross-reaction to mouse
Igin this assay.

Autoantibody detection

To detect cytoplasmic ICA, frozen sections of human pancreas
{4 pm thick, blood group 0, acetone-fixed) were incubated with sera
for 90 min (mouse sera were not diluted) and washed in PBS. Bound
immunoglobulins were visualized with peroxidase-conjugated Pro-
tein A (Amersham Int., Amersham, Bucks., UK) and substrate
1 mg/ml diaminobenzidine, 0.023 % H,O, or FITC-conjugated rab-
bit-anti-human IgG (Dakopatts, Copenhagen, Denmark).

For immunoprecipitation analysis of islet cell antigens, Tx-114
detergent phase purified cytosolic fractions of **S-methionine-la-
belled neonatal rat islets were immunoprecipitated as previously de-
scribed [5]. Briefly, a cytosolic fraction, prepared from neonatal rat
islets, was subjected to temperature-induced Tx-114 phase sepa-
ration [5]. Aliquots of the detergent phase containing amphiphilic
soluble proteins were incubated overnight with sera to form immu-
nocomplexes. The immunocomplexes were isolated by adsorption
to Protein A-Sepharose. The immunoprecipitates were analysed by
SDS-PAGE (10%) under reducing conditions followed by fluoro-
graphy [S].

For immunoblotting, neonatal rat islets were solubilized by boil-
ing for 3 min in 90 mmol/l Tris HCl, 17% sucrose, 3% SDS, and
10 mmol/ dithiothreitol. Approximately 1 x 10* islets per 10 cm of
gel were subjected to 10% SDS-PAGE, electroblotted onto nitro-
cellulose filters and immunostained as previously described [18].
Bound Ig was visualized with goat-anti-human or goat anti-mouse
F(ab;) IgG, conjugated to alkaline-phosphatase (Zymed), and a
chromogenic substrate, All SCID mouse sera were usedina 1: 5 dilu-
tion. Human sera were used in a 1: 50 dilution.

The presence of anti-nuclear antibodies (ANA) was determined
using HEp-2 slides (Immuno-concepts; Sacramento, Calif., USA),
and the indirect immunofluorescence assay [19] was performed
using FITC-conjugated anti-human IgG (Dakopatts).

Results

Reconstituted SCID mice produce human immunoglobu-
lins. All reconstituted SCID mice produced human immu-
noglobulins, but in highly variable concentrations (serum
hulgG 1-2816 pg/ml, hulgM 0-344 pg/ml), reaching peak
levels 8-11 weeks after injection of PBMC. To detect
beta-cell reactive autoantibodies, the mouse sera were
tested by immunohistochemistry, immunoprecipitation,
and immunoblotting analysis.

Antibodies in SCID mice reconstituted with PBMC from
an ICA-positive Type 1 diabetic patient. Seventeen SCID
mice were reconstituted with PBMC from the ICA-posi-
tive patient which had been obtained 4 (n = 5),10(r = 5)
and 18 (n = 7) months after clinical onset (Table 1). The
mice were analysed for ICA production before and after
immunization with ratislets (# = 10) or injection with IFA
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Fig.1. Glutamic acid decarboxylase (GAD) autoantibodies in SCID
mice reconstituted with peripheral blood mononuclear cells
(PBMC) were tested in immunoprecipitation analysis using neona-
talrat islets. Lane A: Monoclonal antibody to GAD (GADG6) [24]. B:
Serum from a healthy control subject (serum hulgG 7050 pg/ml). C:
Serum from a SCID mouse reconstituted with PBMC from the con-
trol in lane B (serum hulgG 575 pug/ml). D: Serum from an islet cell
antibody positive Type 1 diabetic patient (serum hulgG 6016 pg/ml}).
Serum from a SCID mouse reconstituted with PBMC from the pa-
tient in lane D: E: 60 days after reconstitution but before immuniza-
tion (serum hulgG 216 pug/ml). F: 19 days after immunization with
rat islets (serum hulgG 518 pg/ml). Serum from a another SCID
mouse reconstituted with PBMC from the patient in lane D: G:
60 days after reconstitution (serum hulgG 401 pg/ml). H: 19 days
afterinjection with incomplete Freunds adjuvant only (serum hulgG
416 pg/ml). The arrow indicates the location of the GAD protein

alone (n = 7) on day 60. Before immunization all 17 re-
constituted mice were negative for cytoplasmic ICA
measured by indirect immunofluorescence on frozen

human pancreatic sections. In contrast two of the recon-
stituted mice were positive for GAD antibodies by immu-
noprecipitation analysis prior to antigen stimulation or
IFA injection (one in each group from SCID mice recon-
stituted with PBMC obtained 4 and 18 months after clini-
cal onset). Immunization of one of the GAD antibody
positive mice with rat islets did not enhance the immu-
noreactivity towards GAD (not shown). The other GAD
antibody-positive mouse was treated with IFA only
(Fig. 1). The immunoreactivity of GAD antibodies in
mice, which were positive before immunization, was sig-
nificantly lower than for antibodies induced by immuniza-
tion with rat islets (see below, Fig. 1).

Immunization of reconstituted mice with rat islets re-
sulted in the development of GAD antibodies in an addi-
tional three mice (n = 1andn = 2 from SCID mice recon-
stituted with PBMC obtained 4 and 10 months after
clinical onset, respectively) (Fig. 1), two of which were
also positive for cytoplasmic ICA by the indirect immuno-
fluorescence assay on both human (Fig.2) and SCID
mouse pancreas (not shown). Injection of IFA alone did
not induce ICA. The immunoreactivity of GAD anti-
bodies induced in reconstituted mice by immunization
was comparable to that of the GAD antibodies in the
serum from the donor patient despite a much higher IgG
concentration in the patient serum (IgG: 8064 pg/mlin the
patient compared to 512 pg/ml, 355 ug/ml and 518 pg/ml
in the three SCID mice, respectively). This suggests that
GAD antibody producing B cells were selectively en-
hanced in the reconstituted SCID mice.

In immunoblotting analysis of total lysates from rat is-
lets, a 52 kDa molecule was recognized by the ICA-posi-
tive, but not the antibody-negative patient serum (Fig. 3).
Sera from SCID mice reconstituted with the PBMC from
the ICA-negative (n = 5) and the ICA-positive patients
(n = 5) (Table 1) were also tested by immunoblotting.
Serum from*one of the ICA- and GAD-positive SCID
mice, obtained after immunization with rat islets, also rec-
ognized the 52 kDa antigen. The antibodies were only
present after immunization, whereas serum obtained from
the same mouse the day before immunization did not bind
the antigen (Fig. 3). In the post-immune serum from this

Fig.2A-C. To detect islet cell cyto-
plasmic antibodies, frozen sections
of human pancreas were stained
with serum from a Type 1 diabetic
patient and from a SCID mouse
reconstituted with peripheral
blood mononuclear cells from the
same patient before and after im-
munization with rat islets

A: Patient serum (serum hulgG
7823 pg/ml) at a dilution of 1: 64
B: Serum from the SCID mouse,
obtained 60 days after reconstitu-
tion but before immunization, un-
diluted (serum hulgG 221 ug/ml)
C: Serum from the SCID mouse in
B, obtained 19 days after immuni-
zation, undiluted (hulgG

512 pg/ml)
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Fig.3. Western blot analysis of total lysates of neonatal rat islets
using sera from Type 1 diabetic patients and from SCID mice recon-
stituted with peripheral blood mononuclear cells (PBMC). A:
Serum from an islet cell antibody (ICA ) negative Type 1 diabetic pa-
tient (serum hulgG 14400 pg/ml). B: Serum from an ICA-positive
Type 1 diabetic patient (serum hulgG 7823 pg/ml). C: Serum from a
non-reconstituted, control SCID mouse. Serum from a GAD- and
ICA-negative SCID mouse reconstituted with PBMC from the
ICA-positive patient in lane B: D: 60 days after reconstitution but
before immunization (serum hulgG 896 pg/ml). E: 19 days after im-
munization with rat islets {serum hulgG 2816 ug/mi). Serum from an
ICA- and GAD-positive SCID mouse reconstituted with PBMC
from the patient in lane B: F: 60 days after reconstitution but before
immunization (serum hulgG 221 pug/ml). G: 19 days after immuniza-
tion with rat islets (serum hulgG 512 ug/ml). H: The same serurm as
in lane G pre-incubated for 1 h with a lysate of Epstein-Barr-virus
transformed lymphocytes (3 x 10° cells). I: The same serum asin lane
G pre-incubated for 1 h with a lysate of neonatal rat islets (1000 is-
lets, approximately 1-1.5 x 10° beta cells). The arrow indicates the
location of the 52 kDa protein

SCID mouse, pre-incubation with rat islets, butnothuman
lymphocytes, reduced the binding to the 52 kDa antigen
(Fig. 3), indicating thatitisnot a common cellular determi-
nant. There was no binding to the GAD molecules on the
immunoblots with any of the patient or SCID mice sera
tested, despite their binding to the antigen in immunopre-
cipitation analysis. This is consistent with the finding that
antibodiesto GAD in diabetic patients are directed to con-
figurational and not primary epitopesin the molecule.

Antibodies in mice reconstituted with PBMC from ICA-
negative individuals. None of the mice reconstituted with

PBMC from the ICA-negative patient were found to be
ICA or GAD positive regardless of immunization with rat
islets in IFA (n = 2) or IFA alone (n = 3) (Table 1).

Islet cell antibodies could not be detected in any of the
mice reconstituted with PBMC from the two healthy con-
trol subjects, either after immunization with islet cells
(n = 9)in IFA or IFA alone (n = 8) (Table 1).

Neither control SCID mice, which had not been recon-
stituted with PBMC nor mice from other strains (age-
matched males), were ICA positive or could precipitate
the GAD islet cell antigen (data not shown).

Anti-nuclear-antibodies in mice reconstituted with PBMC.
Sera from two SCID mice reconstituted with PBMC from
the ICA-antibody positive patient, obtained 19 days after
immunization, were found to be positive for anti-nuclear-
antibodies (ANA) during analysis for ICA (one had been
immunized with islets and one with IFA alone). These
sera induced a peripheral staining of the nuclei of endo-
crine as well as exocrine cells on sections of human pan-
creas (Fig. 4). This staining pattern is normally seen with
antibodies to double-stranded DNA or histones [13]. The
results were confirmed by staining of HEp-2 cells, where
one of the ANA-positive sera showed a homogeneous
pattern with mitotic cells showing fluorescence of the
chromosome region. Serum from the patient was not
ANA -positive at any time, i.e. at 4, 10 and 18 months after
onset (Fig. 4).

Histologic and metabolic analysis of mice reconstituted
with PBMC. None of the reconstituted SCID mice
showed elevated blood glucose levels, either fasting or
non-fasting (range 4-10 mmol/l, mean 6.5 mmol/l) at any
time, or impaired glucose tolerance after immunization
with rat islets. Histological examination of the pancreata
from the reconstituted SCID mice, 40 days after immuni-
zation with either rat islets or IFA alone, revealed no islet
damage or insulitis. No human T cells (CD3), B cells
(CD21) or human immunoglobulins were detected in the
islets.

Discussion

In this study we show that SCID mice reconstituted with
PBMC from Type 1 diabetic patients can produce auto-
antibodies against diabetes-associated antigens. Recently,
it has been demonstrated that athymic CD-1 nu/nu mice
injected with PBMC from newly-diagnosed Typel
diabetic patients develop insulitis and beta-cell damage
[20]. In contrast, we did not observe insulitis or beta-cell
damage in the reconstituted SCID mice, but studies using
PBMC from additional Type 1 diabetic patients are re-
quired to compare these results to those reported with the
athymic mice.

Previously, SCID mice reconstituted with PBMC from
patients with Graves’ disease characterized by high titres
of thyroid autoantibodies, developed autoantibodies to
thyroid peroxidase (TPO) [17]. Immunization with TPO
did not induce autoantibodies in reconstituted SCID mice
initially negative for anti-TPO. In contrast, our results



514 J.S8.Petersen et al.: Transfer of diabetes associated autoimmunity to SCID mice

suggest the possibility that a preferential proliferation/ac-
tivation of autoreactive B-cell clones tramsferred into
SCID mice can be achieved by active immunization, since
immunization of reconstituted SCID mice with rat islets
induced the production of diabetes-associated autoanti-
bodies. Interestingly, the *S-methionine-labelled GAD
immunoprecipitated by the patient serum was com-
parable in intensity to that precipitated with sera from the
immunized, antibody-positive SCID mice, despite the ap-
proximately 15 times lower hulgG concentration in the
mice. Although fluorographs of **S-methionine-labelled
material are only semiquantitative, the data strongly sug-
gest that the relative concentration of GAD antibodies is
significantly higher in the mice than in the patient. We
therefore attempted to isolate islet specific B-cell clones
from the reconstituted SCID mice. Several human IgG
producing Epstein-Barr virus transformed B-cell clones
(CD21, hulgG and HLA-DQ positive and mouse IgG
negative in FACS analysis) were generated from the
spleen of one of these SCID mice; however, none pro-
duced ICA or GAD antibodies (data not shown).

ICA measured by indirect immunofluorescence on
frozen sections of human pancreas are likely to be di-
rected to the GAD molecule and perhaps additional
molecules. GAD antibodies were detected in five recon-
stituted SCID mice including two which were positive be-
fore immunization with rat islets. In contrast, ICA were
only detected in two of those mice and only following im-
munization. This result is in agreement with studies in pre-
diabetic individuals where GAD antibodies are some-
times detected before, but never later than ICA [6].
Recently, autoantibodies to a 52 kDa islet cell antigen
were detected in sera from Type 1 diabetic patients and
NOD mice by immunoblotting analysis [21]. This may be
the same antigen as the one recognized by the serum of
one of the diabetic patients in an ICA-positive SCID
mouse. Taken together, these data indicate that the
52 kDa islet cell antigen may be another autoantigen of
interest in Type 1 diabetes.

The significance of autoantibodies in the pathogenesis
of Type 1 diabetes |[1] has been difficult to access. In the
present study, none of the islet cell antibody positive SCID

Fig.4A,B. Anti-nuclear antibodies (ANA) were detected on
frozen sections of human pancreas

A: Serum from a Type 1 diabetic patient which is ANA nega-
tive, (serum hulgG 8064 ug/ml), undiluted

B: ANA-positive serum from a SCID mouse reconstituted with
peripheral blood mononuclear cells from the patientin A, ob-
tained 60 days after reconstitution, (serum hulgG 486 pg/mi),
undiluted

mice developed abnormal glucose levels or insulitis, at
least not during an observation period of 60 days follow-
ing reconstitution and additional 40 days following im-
munization. Two hypotheses can be suggested to explain
this. First, ICA and GAD antibodies by themselves are
not sufficient to induce beta-cell destruction, but rather
appear as a secondary phenomena to an autoimmune at-
tack on the beta cell. This would be in agreement with re-
sults in animal models of Type 1 diabetes, where beta-cell
destruction seems to be T-cell and not B-cell mediated
[22]. Alternatively human antibodies may play a role in
beta-cell damage, but are unable to do so in the mouse,
either because mouse complement fails to bind human
IgG efficiently, or because the antibodies are unable to
bind to their target antigen in SCID mouse islets due to
low expression or sequence differences. However, al-
though mouse islets express significantly lower levels of
GAD than both rat and human islets (unpublished results,
J. 8. Petersen et al.} serum from the ICA-positive diabetic
patient was able to stain islets in frozen sections of human,
monkey, rat and SCID mouse pancreas (not shown).

The observation that sera from two reconstituted
SCID mice contained ANA was surprising since the
donor was negative for ANA. However, this supports a
previous observation where SCID mice, reconstituted
with synovial cells from patients with rheumatoid ar-
thritis, produced both IgM rheumatoid factor and ANA,
although the donor patient serum was negative for ANA
[16]. These results are difficult to explain, but perhaps the
autoantibody-producing B cells are resting in the donor,
and first induced to produce autoantibodies following
transfer to the SCID mice, either due to lack of suppres-
sion or exposure to cross-reacting mouse antigens. Alter-
natively, the generation of ANA might be the result of un-
masking low levels of ANA present in healthy subjects.

In conclusion, our findings suggest that reconstituted
SCID mice may be useful in investigations of autoim-
munity in Type 1 diabetes and elucidation of the pa-
thogenic mechanisms. Furthermore, reconstituted SCID
mice could prove useful in obtaining human monoclonal
autoantibodies [23], against antigens not yet isolated and
characterized.
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