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Overexpression of class I major histocompatibility complex 
accompanies insulitis in the non-obese diabetic mouse and is 
prevented by anti-interferon-? antibody 
T. W. H. Kay, I. L. Campbell, L. Oxhrow and L. C. Harrison 

Walter and Eliza Hall Institute of Medical Research, Royal Melbourne Hospital, Victoria, Australia 

Summary. Overexpression of class I major histocompati- 
bility complex (MHC) proteins on pancreatic islet cells is a 
characteristic of autoimmune Type 1 (insulin-dependent) 
diabetes mellitus in humans and in animal models. Studies of 
post-mortem pancreases from humans with Type i diabetes 
suggest that overexpression of class I MHC proteins may 
precede mononuclear cell infiltration of the islets (insulitis). 
Pancreatic histology from the earliest stages of human Type 1 
diabetes is rarely available. We have used the non-obese 
diabetic mouse, given cyclophosphamide to accelerate Beta- 
cell destruction, to investigate the temporal relationship be- 
tween the overexpression of class I MHC protein and mRNA 
and other pathological changes associated with Beta-cell de- 
struction. Prior to cyclophosphamide, immunoperoxidase 
staining showed that expression of class I MHC proteins was 
greater on islet cells and infiltrating inflammatory cells of the 
non-obese diabetic mouse than on islet cells of other mouse 
strains, whereas staining on exocrine cells was similar. On day 
three after cyclophosphamide administration, when insulitis 
had regressed, islet class I MHC protein expression had di- 
minished. A dramatic increase in class I MHC protein 
expression occurred between days seven and nine, concomi- 
tant with reinfiltration of the islets by mononuclear cells; 
overexpression was seen both on islet cells and on surround- 

ing exocrine cells, but only in the presence of mononuclear 
cell infiltration. By day 21, class I MHC protein overexpress- 
ion was again confined to the islets, the exocrine pancreas 
being free of infiltration. Class ! mRNA also increased dra- 
matically by day eight but had virtually returned to normal by 
day 12. Overexpression of class ! MHC protein following 
cyclophosphamide was prevented by administration of anti- 
interferon-y antibody. Expression of class II MHC proteins 
was not detected on pancreatic cells following cyclophospha- 
mide but was present on infiltrating mononuclear cells. 
These findings demonstrate a close association between 
class I MHC protein and mRNA overexpression and insulitis 
in non-obese diabetic mice given cyclophosphamide. They 
are consistent with the view that class I MHC overexpression 
is effected by cytokines secreted by activated immuno- 
inflammatory cells. Class I MHC overexpression should 
enhance targeting of cytotoxic T cells to Beta cells bearing 
autoantigen. 

Key words: Type 1 (insulin-dependent) diabetes mellitus, 
non-obese diabetic (NOD) mouse, pancreatic islets, class I 
major histocompatibility complex (class I MHC), anti-inter- 
feron-7 antibodies. 

The class I major histocompatability complex (MHC) 
genes encode cell surface glycoproteins that are involved 
in recognition of cellular peptide antigens by cytotoxic 
T cells [1, 2]. Proposed functions of class I MHC proteins 
outside the immune system are controversial, especially as 
mice which have been genetically manipulated not to ex- 
press class I MHC gene products, although lacking cyto- 
toxic T cells, are otherwise developmentally normal [3, 4]. 
In humans who die soon after the diagnosis of Type 1 
(insulin-dependent) diabetes mellitus, overexpression of 
class I MHC proteins has been observed on all cell types 
within pancreatic islets that contain residual insulin [5-7]. 
Whether class I MHC overexpression is secondary to the 

presence of immuno-inflammatory cells or whether both 
are secondary to another event, e. g. virus infection, and its 
functional relevence for Beta-cell destruction, are import- 
ant questions that are difficult to resolve in humans 
because the pathology is invariably far-advanced at clini- 
cal presentation and pancreatic tissue is rarely available. 
However, class I MHC overexpression is also present in 
the animal models of Type i diabetes, the Bid-Breeding 
(BB) rat [8-10], the multi low-dose streptozotocin 
(MLDS) mouse [11, 12] and the non-obese diabetic 
(NOD) mouse, and these provide the opportunity to re- 
late the expression of class I MHC to other pathological 
changes associated with Beta-cell destruction. 
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fig.1. Immunoperoxidase staining for insulin (top) and class I 
MHC protein (bottom) in the pancreas of NOD mice before (left) 
and 7 days (right) after the administration of cycIophosphamide 
300 mg/kg ( x 200) 

Administrat ion of cyclophosphamide to N O D  mice re- 
sults in predictable acceleration of Beta-ceU destruction 
within 7 to 14 days and hyperglycaemia in 60 % of female 
mice [13, 14]. Both cyclophosphamide-accelerated and 
spontaneous diabetes in N O D  mice can be inhibited by 
monoclonal antibodies to T lymphocyte subsets [15-17] 
or by the anti-macrophage agent silica [18, 19], and 
diabetes can be transferred to normoglycaemic mice by 
splenic T cells [20-22]. In previous studies [23] we have 
shown that T cells disappear from the N O D  mouse pan- 
creas 2 to 3 days following cyclophosphamide administra- 
tion then reappear  in much greater  numbers  one week 
later. At  the time of reinfiltration the majority of the 
T cells are CD4 positive, whereas after 10 days, when 
hyperglycaemia develops, CD8 cells predominate.  The re- 
infiltrating T cells express activation markers  and secrete 

cytokines ex vivo [23]. Cyclophosphamide therefore com- 
presses events that occur spontaneously at variable rates 
over several months in individual N O D  mice and enables 
analysis of the sequence of pathological changes, includ- 
ing class I M H C  overexpression, that precede the devel- 
opment  of hyperglycaemia. 

Materials and methods  

Mice 

NOD mice were from the colony at the Walter and Eliza Hall In- 
stitute obtained in 1984 from Dr. H.Asamoto (Kyoto, Japan). This 
colony has a low incidence of spontaneous diabetes [24] although all 
mice develop insulitis and cyclophosphamide induces overt diabetes 
in 60 % of females [14]. Cyclophosphamide (300 mg/kg, Farmitalia, 
Victoria, Australia) was given i. p. in 154 mmol/1 NaC1 to female 
mice aged 80-110 days. Following cyclophosphamide or 154 mmol/1 
NaC1 alone four mice from each group were killed for immunohisto- 
logy on days 3, 7, 8,10 and 21. In addition, on day 12 after cyclophos- 
phamide, four hyperglycaemic and four normoglycaemic mice were 
killed for immunohistology. Cyclophosphamide or 154 mmol/l NaCI 
was also given to female CBA mice of the same age. 
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Fig.2. Haematoxylin and eosin 
(H & E) and immunoperoxidase 
staining for insulin, class I MHC 
protein and class II MHC 
protein in the pancreas of an 
NOD mouse 7 days after 
the administration of 
cyclophosphamide 300 mg/kg. 
The islet in the lower left corner 
shows no insulitis and no class I 
MHC protein overexpression 
whereas the islet in the top right 
corner shows insulitis and class I 
MHC protein overexpression 
(• 200) 

Immunoperoxidase staining 

MHC proteins were detected in the pancreases of the mice by indi- 
rect immunoperoxidase as previously described [11] using monoclo- 
nal antibody 34-1-2S directed against the H-2KdD d protein [26] and 
10-2.16 against monomorphic specificities on the I-A k protein [27]. 
Briefly, acetone-fixed 5 gm frozen sections of pancreases were incu- 
bated with the appropriate monoclonal antibody for 30 min at room 
temperature, washed and then incubated with peroxidase-con- 
jugated rabbit anti-mouse immunoglobulin (Dakopatts, Copen- 
hagen, Denmark), prior to colour development with 3'5'-diami- 
nobenzidine and hydrogen peroxidase. Insulin was detected 
similarly but with guinea-pig anti-insulin serum (Miles-Yeda, Reho- 
rot, Israel) and peroxidase-conjugated anti-guinea-pig immuno- 
globulin (Dakopatts). 

RNA extraction and Northern blotting 

Following cyclophosphamide or 154 mmol/1 NaC1, three mice from 
each group were killed for isolation of total pancreas RNA on 
days 3, 7, 8 and 10, and on day 12 (three hyperglycaemic and three 
aormoglycaemic mice). Total RNA was extracted from each pan- 
creas by homogenization in guanidinium isothiocyanate [23], repli- 
cates pooled and poly-A mRNA purified on an oligo-dT cellulose 
column. Poly-A mRNA, 5 ~tg per sample measured by absorbance 
at 260/280 nmol/1, was fractionated in 1% agarose/formaldehyde 
gels and transferred to Biotrace RP nylon membranes (Gelman 
Sciences Inc., Ann Arbor, Mich., USA). The filters were probed 
with a mouse class I MHC cDNA labelled by nick translation 
with [c~-32P] ATP (Amersham, Amersham, Bucks., UK). Sub- 
sequently, the filters were reprobed with similarly labelled cDNAs 
for mouse interferon-y (IFN-7) , intefleukin 3 (IL-3) and granulo- 
cyte-macrophage colony stimulating factor (GM-CSF). cDNA 
probes were obtained from Dr. N.M. Gough, Walter and Eliza Hall 
Institute. 

Administration of anti-interferon-? (IFN-y) antibody 

Monoclonal antibody to IFN- 7 (RA-642; hybridoma cells obtained 
from the American Type Culture Collection, Rockville, Md., USA) 
was purified from CBA-Nu/Nu mouse ascites by ammonium sul- 
phate precipitation and stored at a concentration of 1 mg/ml in phos- 
phate-buffered saline. Female NOD mice aged 80-110 days in 
groups of four were randomly allocated to receive either rat immu- 
noglobutin (Sigma Chemical Co., St Louis, Mo., USA) or RA-642 in 
a dose of 0.5 ml i. p. on days 1, 3 and 6 relative to injection of cyclo- 
phosphamide on day 0. 

Results 

Immunoperoxidase staining for MHC class I proteins 

Before  the  in jec t ion  of  c y c l o p h o s p h a m i d e ,  N O D  mouse  
islets exh ib i t ed  class I M H C  p ro t e in  ove rexp re s s ion  
re la t ive  bo th  to the  islets of  n o r m a l  adu l t  C B A  mice and to 
the  su r round ing  exocr ine  tissue. B o t h  the  islet  cells and  
the inf i l t ra t ing l y m p h o i d  cells were  s t rongly  s ta ined  and  
the re  was no  ev idence  of  g rea t e r  express ion  on Be ta  cells 
than on o the r  islet  cell types  (Fig. 1). T h r e e  days  af ter  cy- 
c l o p h o s p h a m i d e  admin i s t ra t ion ,  insulit is had  d i s a p p e a r e d  
and  class I M H C  p ro t e in  express ion  on islet  cells had  di- 
min i shed  (not  shown).  Seven  to 10 days  af te r  cyc lophos-  
p h a m i d e ,  t h e r e  was a d r ama t i c  increase  in class I M H C  
p ro t e in  express ion  first on islet  cells  and  then  also on  exo-  
cr ine cells, co inc iden t  wi th  the  increase  in i n f l a m m a t o r y  
cell inf i l t ra te .  Class I M H C  pro t e in  o v e r e x p r e s s i o n  b e g a n  
focal ly in r e l a t ion  to  the  inf i l t ra te  and  then  a p p e a r e d  to 
e x p a n d  so that ,  by  7 to 8 days  a f te r  cyc lophospham ide ,  
insuli t is  invo lved  mos t  islets and  class I M H C  p ro t e in  
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Immunoperoxidase staining for MHC class H proteins 

Class II MHC protein staining was present on numerous 
cells in the inflammatory islet infiltrate as well as on cells 
scattered throughout the exocrine pancreas especially 
along septa dividing lobules and around vessels. Extra- 
islet class fI MHC protein staining was unchanged 3 days 
after cyclophosphamide but after 7 days there was an in- 
crease in the number of class II MHC protein strongly 
positive cells both around the islet and within the exocrine 
pancreas (Fig. 2). These cells appeared to be infiltrating 
inflammatory cells and included many macrophages. 
There was no evidence for induction of class II MHC pro- 
tein on exocrine or endocrine cells following cyclophos- 
phamide. 

Fig. 3. Northern hybridization with a probe for class I MHC RNA of 
5 gg poly-A mRNA from NOD mouse pancreas before and after cy- 
clophosphamide. Days after cyclophosphamide are indicated above 
the lanes. Pancreatic mRNA from three mice was pooled for each 
time point. The two lanes labelled day 12 are non-diabetic mice and 
diabetic mice, respectively, at this time point 

overexpression was present throughout the pancreas 
(Fig. 1). Class I MHC protein overexpression was not ap- 
parent on islet cells in the absence of inflammatory cells in 
the islet (Fig. 2), or on exocrine cells unless there was a 
nearby islet with class I MHC protein overexpression and 
insulitis. Class I MHC protein overexpression was present 
throughout the pancreas for approximately one week, 
with more than 50 % of the animals becoming hypergly- 
caemic between days 11 and 14. By day 21 class I MHC 
protein expression on the exocrine tissue had returned to 
control levels and was considerably lower than on islet 
cells. No change in class I MHC protein expression was 
seen on NOD kidney cells or on CBA mouse pancreas fol- 
lowing cyclophosphamide administration (not shown). 

Inflammatory changes in the exocrine pancreas 

Class I MHC protein overexpression on exocrine cells was 
accompanied by an inflammatory cell infiltrate and oede- 
ma throughout the pancreas. Immunoperoxidase staining 
with monoclonal antibodies demonstrated both T cells 
and macrophages (not shown). The time course of these 
changes was the same as for class I MHC protein overex- 
pression by exocrine cells and they had resolved by day 21. 

Class I MHC mRNA expression 

Northern blot analysis using a cDNA probe for class I 
MHC mRNA showed a similar pattern to immunoperoxi- 
dase staining for class I MHC protein, with a dramatic in- 
crease by day 8 after cyclophosphamide, a fall by day 12 
and a return to control levels or less by day 21 (Fig.3). 
Northern blot analysis for mRNA specific for the cyto- 
kines IFN- 7, IL-3 and GM-CSF was also performed using 
o~-32p-[ATP]-labelled cDNA probes but transcripts were 
not detected. 

Administration of anti-IFN-y antibody 

We have previously shown that administration of anti- 
IFN- 7 antibody to NOD mice decreases the degree of in- 
sulitis and prevents the development of hyperglycaemia 
15 days after cyclophosphamide administration [28]. In 
the present study, NOD mice given either anti-IFN- 7 anti- 
body or control rat immunoglobulin were killed on day 8 
after cyclophosphamide and their pancreases examin- 
ed for class I MHC protein expression by immunohisto- 
chemistry. In contrast to mice given cyclophosphamide 
alone, mice also given anti-IFN-y antibody had markedly 
reduced expression of class I MHC proteins on islet and 
exocrine cells (Fig. 4). 

Discussion 

Class I MHC proteins are overexpressed throughout the 
NOD mouse pancreas between 7 and 14 days after cyclo- 
phosphamide administration, not only on islet endocrine 
cells but also on exocrine cells. The time course for class I 
MHC protein overexpression coincides with the reap- 
pearance of islet infiltration and exocrine pancreatitis. 
Class I MHC mRNA and protein levels follow a similar 
course but mRNA appears to decrease more rapidly indi- 
cating that the class I protein is relatively more stable. 

The stimulus for class I MHC overexpression in the 
NOD mouse pancreas is uncertain. Increased expression 
of class I MHC mRNA occurs primarily at the level of 
transcription [29, 30]; sequences responsible for induction 
by interferons [29, 30], tumour necrosis factor [31] and 
viruses [32] have been defined and several of the corre- 
sponding transactivating proteins have been identified. In 
the normal Beta cell class I MHC proteins are expressed 
at a low level but are upregulated by cytokines including 
IFN-y [25] and tumour necrosis factor [33, 34] or by viruses 
such as reovirus that infect islet celts [35]. 

In patients who have died soon after the development 
of Type 1 diabetes, class I MHC protein overexpression 
on Beta, Alpha and Delta cells has been a remarkably 
consistent finding [5-7] and has been postulated to 
precede insulitis because it is present in some islets in the 
absence of infiltrating inflammatory cells. These islets also 
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Fig. 4. Immunoperoxidase 
staining for insulin and class I 
MHC protein in the pancreas 
of anNOD mouse 8 days 
after the mouse was given 
cyclophosphamide with either 
control rat immunoglobulin 
(above) or anti-interferon-y 
(IFN-7) antibody (below) ( x 200) 

contain IFN-a [6]. One explanation for these findings is 
that IFN-o~ and class I MHC overexpression both reflect 
infection with an unidentified virus and that the cellular 
infiltrate is a secondary response. 

There is, however, no direct prospective evidence that 
class I MHC overexpression precedes insulitis in humans 
because tissue is not available at the time the disease pro- 
cess commences, before diabetes is clinically apparent. 
The cyclophosphamide-accelerated NOD mouse model 
provides the opportunity to study the pancreas before and 
during the disease process, which is relatively synchro- 
nous between animals. The present results indicate that 
class I MHC overexpression in the NOD mouse pancreas 
accompanies insulitis and is therefore likely to be second- 
ary to cytokine secretion from activated mononuclear 
cells. This same relationship between class I MHC over- 
expression and insuliltis was also shown recently in a 
transfer model of diabetes in which splenocytes from 
diabetic NOD mice were injected i.v. into irradiated dis- 
ease-free, male NOD mice [36]. Overexpression of class I 
MHC was only associated with intra-islet infiltration and 
was not seen in non-infiltrated islets. 

Although class I overexpression may not be required 
for initiation of insulitis it may, however, be required for 
amplification and full development of the pathology. A 
role for cytokines in stimulating class I MHC overexpres- 
sion is further supported in this study by the effect of anti- 
IFN-y antibodies to prevent class I MHC overexpression 
and insulitis. Further experiments are planned in which 
anti-IFN-ywill be withheld until insulitis has developed, to 
clarify whether class I MHC overexpression depends di- 
rectly on IFN-ysecretion. In the multi-low dose streptozo- 
tocin model of autoimmune diabetes anti-IFN- 7 anti- 
bodies also prevent class I MHC overexpression [12]. 
Type A retrovirus particles have been observed by elec- 
tronmicroscopy in NOD mouse Beta cells following cyclo- 
phosphamide [37] and Type C retrovirus has been ampli- 
fied by the polymerase chain reaction from NOD mouse 

islets immediately after cyclophosphamide (L. C. Harri- 
son, unpublished results). However, retrovirus expression 
is unlikely to be the direct stimulus for class I MHC over- 
expression as the phenomenon is delayed for one week 
after cyclophosphamide and retrovirus expression in islets 
would not explain why exocrine cells, not observed to ex- 
press retrovirus particles, also overexpress class I MHC. 

In addition to asking what stimulates class I MHC 
overexpression we should question how the response is 
switched off. Class I MHC mRNA expression begins to 
decrease before the onset of hyperglycaemia when the 
stimulus to class I MHC expression is still likely to be pre- 
sent. Similar kinetics were noted in previous studies of 
class I MHC mRNA regulation [38]. Class I MHC mRNA 
level and transcription rate measured by nuclear run-off 
assay peaked 2 to 4 h after exposure to IFN-o~ and fell by 
10-13 h despite the continuing presence of IFN-o~. Simi- 
larly, in RINm5F insulinoma cells, rat IFN- 7 induced ex- 
pression of class ! mRNA which peaked at 24 h and then 
fell [39]. As Korber et al. [30] have pointed out, there are 
striking similarities between the regulatory regions and 
transactivating proteins for class I MHC genes and the in- 
ducible response element of the IFN-~ gene which also 
undergoes repression following induction by Sendal virus. 
Recent evidence shows that both transcriptional repres- 
sion and mRNA destabilization are involved in decreas- 
ing IFN-[3 mRNA levels [40]. The transcriptional effect 
can be blocked by cycloheximide suggesting that there is 
synthesis of a virus-inducible repressor protein which may 
bind to the same DNA site. Similar mechanisms operating 
in the class I MHC and other genes may help explain at a 
molecular level the time course of immunopathological 
changes observed in the NOD mouse islets after cyclo- 
phosphamide. 

Class I MHC proteins bind peptide antigens and, 
together, are recognised on target cells by cytotoxic 
T cells. Targetting of Beta cells by cytotoxic T cells in 
Type i diabetes should therefore be increased by overex- 
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press ion  of  class I M H C  pro te in .  A close assoc ia t ion  be-  
tween  class I M H C  express ion  and recogn i t ion  by  cyto-  
toxic  T cells has b e e n  mos t  c lear ly  d e m o n s t r a t e d  in sev- 
era l  mode l s  of  v i rus - induced  carc inogenes is  in which  
tumour igen ic i ty  cor re la tes  inverse ly  with class I M H C  ex- 
press ion  and cy to toxic  T cell  r e sponse  [41]. E x p e r i m e n t a l  
e l eva t ion  of  class I M H C  p ro t e in  express ion  by  t ransfec-  
t ion of class I genes  into class I -def ic ient ,  v i ra l ly  t rans-  
f o r m e d  cells or  by  t r e a t m e n t  of  the  cells wi th  IFN-  7 in- 
creases  the  cy to tox ic  T cell  r e sponse  and  decreases  
tumour igen ic i ty  [41]. Cons i s ten t  with this, class I M H C  
express ion  fol lowing c y c l o p h o s p h a m i d e  is max ima l  when  
CD8 T cell inf i l t ra t ion  is max ima l  and  Beta-ce l l  des t ruc-  
t ion is occur r ing  [23]. F u r t h e r m o r e ,  CD8  T cells i so la ted  
f rom N O D  mouse  islets have  b e e n  shown to be  specifi-  
cally cy to toxic  for  N O D  islets  in v i t ro  [42]. These  da t a  l ink 
the  f indings of  i nc reased  express ion  of  islet  class I M H C  
pro te ins  fo l lowing exposu re  of  islets  to cy tokines  or  
viruses in vi t ro and those  in the  Type  1 d iabe t ic  pancreas ,  
and suppor t  a rote  for class I M H C  ove rexp re s s ion  in p ro -  
mot ing  Be ta -ce l l  des t ruc t ion  by  cy to toxic  T cells. 
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