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Abstract
Fulminant type 1 diabetes (FT1D) is characterized by a relatively low HbA1c level at the onset, despite the abrupt occur-
rence of marked hyperglycemia with ketosis or ketoacidosis. The initial symptoms/findings are flu-like, absence of islet-
associated autoantibodies, and a drastic decrease in β-cells and α-cells, which strongly suggest the involvement of a viral 
infection. In fact, we successfully demonstrated that a FT1D-like phenotype can be reproduced in encephalomyocarditis 
virus-induced diabetes murine model. However, there is a discussion on the possible involvement of autoimmunity rather 
than viral infection as the underlying cause of FT1D. For example, HLA-DRB1*04:05, a susceptible antigen of type 1A 
diabetes, is reportedly associated with FT1D in Japan. Moreover, anti-glutamic acid decarboxylase antibody is reportedly 
detected in ~ 5% of the patients. Additionally, half of the patients with anti-programmed cell death-1 therapy-related type 1 
diabetes fulfilled the criteria of the disease. These findings suggest that islet-associated autoimmunity can partially contribute 
to the development of FT1D. Furthermore, using nonobese diabetic mice with reduced regulatory T-cell (Treg) numbers, we 
found that a human FT1D-like phenotype can be induced by islet-associated autoimmunity through collaboration between 
innate immunity (macrophages and/or natural killer cells) and acquired immunity (predominantly cytotoxic  CD8+ T cells) 
in genetically predisposed individuals of autoimmune type 1 diabetes with low Tregs or Treg dysfunction. To clarify greater 
details regarding the association of autoimmunity in the pathogenesis of FT1D, further studies using suitable animal models 
and accumulation of the relevant patients are required.
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Introduction

Fulminant type 1 diabetes (FT1D) is a novel subtype of type 
1 diabetes and is characterized by a relatively low glycated 
hemoglobin (HbA1c) level at the onset, despite the abrupt 
occurrence of marked hyperglycemia with ketosis or ketoaci-
dosis [1]. According to a nationwide survey of FT1D, ~ 72% 
of the patients with this diabetes have preceding flu-like 
symptoms, suggesting the involvement of viral infection in 
the development of the disease [2]. Moreover, 98% of the 
patients show increased levels of serum exocrine pancre-
atic enzymes, which is consistent with the reported findings 
of mononuclear infiltration in the exocrine pancreas [3]. 

Imagawa et al. initially reported that islet-associated autoan-
tibodies were not detected and that insulitis was not observed 
on pancreatic biopsies within 5 months of the onset of dia-
betes. Thus, this type of diabetes was originally described 
as a subtype of type 1B diabetes [3]. In terms of patho-
genesis, it was believed that viral infection and subsequent 
non-autoimmune inflammatory reactions in genetically sus-
ceptible individuals directly cause β-cell destruction, leading 
to the development of “classic” FT1D [4]. However, Tanaka 
et al. previously demonstrated T-cell insulitis at autopsy in 
a patient who died 40 min after arrival at the hospital [5], 
and a nationwide survey revealed that approximately 5% of 
patients had anti-glutamic acid decarboxylase (GAD) anti-
body in their serum [2], suggesting that islet-associated auto-
immunity might be involved in some patients with FT1D. 
In the present review, we discuss a possible involvement of 
islet-associated autoimmunity in the development of FT1D 
based on the findings derived from animal models and clini-
cal studies.
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Encephalomyocarditis virus‑induced diabetes 
murine model mimics human FT1D

The encephalomyocarditis (EMC) virus exclusively infects 
and destroys pancreatic β-cells, leading to the development 
of diabetes in genetically predisposed mice [6]. Shimada 
and Maruyama previously proposed the possibility that the 
encephalomyocarditis (EMC)-virus-induced diabetes murine 
model mimics human FT1D [7]. Intraperitoneal injection 
of male DBA/2 mice with a diabetic strain of EMC virus 
(EMC-D) can induce the rapid onset of diabetes a few days 
after administration (Fig. 1). Notably, prior to hyperglycemia 
onset, the blood glucose level decreased into the hypogly-
cemic range (Fig. 1, arrow). This may be because of tem-
poral hyperinsulinemia attributed to the abrupt destruction 
of virally infected β-cells. A similar phenomenon can be 
observed in some patients with FT1D; i.e., hypoglycemia 
was observed just before disease onset [8]. A rapid onset pat-
tern and the involvement of exocrine tissue damage, as indi-
cated by the high serum amylase level [7], suggest that the 
EMC virus-induced diabetes model mimics human FT1D. 
Additionally, inflammatory change in the exocrine pancreas 
was reportedly observed in this murine model [9].

Although ~ 70% of patients with FT1D have a history of 
antecedent flu-like symptoms [2] indicating the involve-
ment of preceding viral infection, the etiology of the dis-
ease remains controversial. Furthermore, there is discussion 
on the involvement of autoimmunity as an alternative cause 

rather than viral infection [10]. As islet-associated autoan-
tibody (insulin autoantibody) is detected in the serum of 
an EMC virus-induced diabetes murine model [11], islet-
associated autoimmunity might be also associated with 
diabetes in this model, although viral infection induces 
diabetes. Hence, we would like to propose anew that EMC 
virus-induced diabetes model of mice is useful as one of 
human FT1D, and may clarify the possible involvement of 
autoimmunity in the development of FT1D.

Nonobese diabetic mice with reduced regulatory 
T‑cell numbers mimic human FT1D

Several animal models of FT1D have been proposed. For 
instance, aggressive autoimmune diabetes and widespread 
destruction of α-, β-pancreatic cells and exocrine tissue 
can be induced by the adoptive transfer of BDC2.5 T-cell 
receptor-transgenic T cells, derived from an insulin gran-
ule-reactive T-cell clone, into neonate nonobese diabetic 
(NOD) mice [12]. These findings suggest that FT1D could 
be caused by the islet-associated autoimmunity in a situation 
of immature regulatory T cell (Treg) function.

Alternatively, we focused on CD28-deficient NOD 
 (CD28−/− NOD) mice as a possible model of human FT1D 
[13]. Previous studies revealed that these mice can develop 
autoimmune diabetes via the development of insulitis and 
inflammation of the exocrine pancreas because of reduced 
Treg cell count [14, 15]. Due to the rapid onset of FT1D 
in humans and the proposed role of viral infection in dis-
ease pathogenesis, we examined the effect of administration 
of polyinosinic-polycytidylic acid [poly(I:C)], a mimic of 
double-stranded RNA, in  CD28−/− NOD mice [13]. This 
molecule mimics a candidate virus that might be related to 
an RNA enterovirus that causes FT1D [16], which binds to 
toll-like receptor 3 expressed predominantly in macrophages 
or dendritic cells and activates the production of various 
pro-inflammatory cytokines [17]. Thus, we examined the 
effect of poly(I:C) treatment on the disease phenotype of 
 CD28−/− NOD mice.

Accordingly,  an inject ion of poly(I:C) into 
 CD28−/− NOD mice at 8 weeks old, resulted in a rapid 
development of diabetes within 1–6 days, indicating a 
human FT1D-like phenotype. In the pancreas, CD11b 
(presumably macrophages) and T cells  (CD4+ and  CD8+ 
T cells) infiltrated the insulitic lesions. Moreover, DX5-
positive natural killer (NK) cells, involved in innate 
immunity, infiltrated the exocrine and endocrine pancreas. 
Flow cytometry demonstrated that the population of NK 
cells was significantly greater in the poly(I:C)-injected 
group than the control group, suggesting that NK cells 
were likely to be involved in the pathogenesis. Moreover, 
mRNA expression levels of interleukin (IL)-18 and gran-
zyme B in the pancreas were significantly higher in the 

Fig. 1  Changes in mean blood glucose level after intraperitoneal 
injection of EMC virus [7]. Intraperitoneal injection of male DBA/2 
mice with a diabetic strain of EMC virus (EMC-D) induced rapid 
onset of diabetes. The arrow indicates the transient fall of blood glu-
cose level after injection. EMC, encephalomyocarditis
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poly(I:C)-injected group than the control group. IL-18, a 
pro-inflammatory cytokine, is produced in macrophages 
and dendritic cells and involved in the development of 
autoimmune (type 1) diabetes via islet-associated T-helper 
1 (Th1) type acquired immunity [18]. Additionally, gran-
zyme B is a caspase-like serine protease that is released 
by cytotoxic lymphocytes, i.e., NK and cytotoxic  CD8+ 
T cells, to kill their target cells [19]. Thus, poly(I:C) 
administration might activate macrophages/dendritic 
cells to produce IL-18, resulting in activation and expan-
sion of NK cells and cytotoxic  CD8+ T cells in Treg-defi-
cient conditions and causing aggressive development of 

diabetes mimicking human FT1D (Fig. 2). Hence, it is 
suggested that a FT1D-like phenotype can be caused by 
autoimmunity through collaboration between innate and 
acquired immunities in people at genetically high risk for 
type 1 diabetes with low Tregs or Treg dysfunction after 
viral infection. In fact, a significant reduction for Foxp3 
expression level was reportedly observed in peripheral 
blood mononuclear cells of FT1D patients, suggesting the 
possibility that impaired Treg development/functionality 
might contribute to the pathogenesis of human FT1D [20]. 
However, a further detailed evaluation is required to exam-
ine this concept in a clinical setting.

Fig. 2  Scheme of presumed 
mechanism for the development 
of fulminant type 1 diabetes 
(FT1D) via autoimmunity. Viral 
infection activates macrophages/
dendritic cells via binding to 
TLR3 to produce IL-18, result-
ing in activation and expansion 
of NK cells,  CD4+ T cells, 
and cytotoxic  CD8+ T cells in 
Treg-deficient condition, and 
development of FT1D predomi-
nantly in genetically susceptible 
individuals of autoimmune type 
1 diabetes. DC, dendritic cell; 
IL-18, interleukin-18; IFN, 
interferon; MΦ, macrophage; 
MHC, major histocompatibility 
complex; NK, natural killer; 
poly(I:C), polyinosinic-poly-
cytidylic acid; Th1, T helper-1; 
TLR, toll-like receptor; Treg, 
regulatory T cell
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Clinical characteristics of anti‑glutamic acid 
decarboxylase antibody‑positive FT1D

A nationwide survey performed in Japan revealed that FT1D 
accounts for 20% of newly diagnosed type 1 diabetes cases 
exhibiting hyperglycemia and diabetic ketosis/ketoacidosis 
[2]. Recently, as patients with FT1D increase, cases posi-
tive for islet-associated autoantibodies, predominantly anti-
GAD, have been reported. Indeed, the nationwide survey of 
FT1D revealed that ~ 5% of FT1D patients had anti-GAD 
antibody in their serum [2]. Moreover, another study dem-
onstrated that cases exhibiting anti-GAD antibody-positive 
FT1D accounted for 9% of FT1D cases [21]. These findings 
served as a basis for us to investigate the possibility that the 
involvement of islet-associated autoimmunity in the devel-
opment of anti-GAD antibody-positive FT1D may produce 
some characteristic clinical signs at its onset. Hence, we 
investigated the relationship between anti-GAD antibody 

titers and clinical parameters in this type of FT1D at the 
onset, particularly in terms of clinical severity [22].

We determined that anti-GAD antibody titers were 
significantly and inversely correlated with blood pH and 
 HCO3

− levels, and significantly positively correlated with 
serum levels of total ketone bodies, acetoacetate, and 
3-hydroxybutyrate. Moreover, this study also showed a sig-
nificant inverse correlation between titers and the period 
from the appearance of any prodromal symptoms to diag-
nosis (Fig. 3). Hence, higher titers of anti-GAD antibody 
might be associated with more severe injury to β-cells and 
lower insulin secretion capability. In other words, these 
might further support the possible involvement of islet-
associated autoimmune processes in anti-GAD antibody-
positive FT1D.

A previous study demonstrated that HLA-DRB1*04:05 
(or DR4) and DRB1*09:01 (or DR9) are the predominant 
HLA alleles associated with autoimmune type 1 diabetes, 

Fig. 3  Correlations between anti-GAD antibody titers and clinical 
parameters at diagnosis of FT1D. Scatter plots (semi-log graph) of 
anti-GAD antibody titers and clinical parameters were composed. a 
anti-GAD antibody titers vs. the period from the development of any 
prodromal symptoms to the diagnosis of FT1D (rs = − 0.559, p < 0.05 
using the Spearman’s rank correlation test). b anti-GAD antibody 
titers vs. blood pH (rs = − 0.576, p < 0.05). c anti-GAD antibody titers 
vs. blood  HCO3

− (rs = − 0.578, p < 0.05). d Anti-GAD antibody titers 

vs. serum levels of ketone bodies. Open circle with solid line; vs. total 
ketone body (rs = 0.661, p < 0.05). Open square with a dotted line; vs. 
acetoacetate (rs = 0.700, p < 0.05). Filled triangle with a dashed line; 
vs. 3-hydroxybutyrate (rs = 0.782, p < 0.01). GAD, glutamic acid 
decarboxylase; GADA, anti-glutamic acid decarboxylase antibody; 
rs, Spearman’s rank correlation coefficient. Reprinted with permission 
from Endocr J. 2019;66(4):329–336 [22]
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whereas only DRB1*04:05 was reportedly associated with 
“classic” FT1D in Japan [23]. However, it was recently 
reported that DRB1*09:01 is strongly associated with anti-
GAD antibody-positive FT1D [24]. Similarly, DRB1*09:01 
was observed in 42.9% of cases in our previous study [22]. 
Given that GAD-reactive interferon-γ-secreting  CD4+ T 
cells were increased in some patients with anti-GAD anti-
body-positive acute-onset type 1 diabetes with HLA-DR9 
compared to those without it [25], GAD-associated T-cell 
autoimmunity may be involved in the development of anti-
GAD antibody-positive FT1D in cases with HLA-DR9.

Two cases of FT1D without islet‑associated 
autoantibodies suggest the involvement 
of autoimmunity

We previously encountered two cases of ‘classic’ FT1D 
suggesting the involvement of autoimmunity [26]. The first 
case showed negative islet-associated autoantibodies (anti-
GAD antibody, anti-insulinoma-associated protein-2 (IA-2) 
antibody, islet-cell antibody, and insulin autoantibody) at 
the onset of the disease, although anti-GAD antibody was 
detected in the serum 1 year after the onset, suggesting pos-
sible autoimmunity (Fig. 4). The second case also showed 
negative anti-GAD, and negative anti-IA‐2 antibodies. 
However, high levels of serum CXCL10 and GAD‐reactive 
 CD4+ T cells were detected in the peripheral blood. Serum 
level of CXCL10, an important chemokine that induces 
migration of activated T cells to local lesions, and GAD‐
reactive  CD4+ interferon‐γ‐producing cells in the peripheral 
blood are effective markers for T-cell‐mediated autoimmun-
ity in type 1 diabetes [27]. Thus, FT1D should not be con-
sidered “idiopathic” at the onset, according to the absence 
of detectable islet‐associated autoantibodies. Hence, care-
ful periodic measurement of islet‐associated autoantibodies 
and assessment of cellular immunity against islet‐associated 
antigens should be performed.

Immune checkpoint inhibitor‑associated FT1D

Recent studies have shown that anti-programmed cell 
death (PD)-1/anti-PD-ligand 1 therapy for malignancies 
leads to the development of FT1D [28]. We previously 
presented a case with anti-PD-1 (pembrolizumab) therapy-
related FT1D prior to the development of diabetic ketosis 
or ketoacidosis, in which a detailed time course of decline 
in serum C-peptide levels were being examined [29]. Insu-
lin therapy began post hyperglycemia, preventing diabetic 
ketoacidosis. However, the serum C-peptide levels rapidly 
decreased thereafter, and insulin secretion capacity was 
exhausted within 16 days following hyperglycemia onset. 

Thus, this case was considered as anti-PD-1 therapy-
related FT1D. Cellular autoimmunity against islet-asso-
ciated autoantigens can cause FT1D as anti-PD-1 therapy 
targets T-cell immunoregulatory molecules.

Conclusions

Based on the findings derived from animal models and 
clinical research, it appears that anti-islet-associated auto-
immunity might be associated with the partial develop-
ment of FT1D with or without anti-islet autoantibodies. 
To establish greater details regarding the pathogenesis, 
investigation of a suitable animal model and accumulation 
of the relevant cases are required.
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Fig. 4  Changes in anti-GAD antibody titer in a patient with FT1D 
[26]. A 48‐year‐old man was admitted to our hospital with com-
plaints of fever, abdominal discomfort, thirst, polyuria, and weight 
loss over the preceding 10 days. Based upon the presence of diabetic 
ketoacidosis, relatively low HbA1c level (7.3%) at the onset, absence 
of islet-associated autoantibodies including anti-GAD antibody, 
and extremely low level of serum and urinary C‐peptide levels, he 
was diagnosed as FT1D. Seroconversion of anti-GAD antibody was 
observed 1  year after the onset of the disease. Anti-GAD antibody, 
anti-glutamic acid decarboxylase antibody; FT1D, fulminant type 1 
diabetes
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