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Abstract:

Enteroviruses, including the Coxsackievirus Bs (CVB), have been implicated as causal agents 

in human type 1 diabetes. Immunization of at-risk individuals with a CVB vaccine provides an 

attractive strategy for elucidating the role of CVBs in the disease etiology. Previously we have 

shown that an inactivated whole-virus vaccine covering all CVB serotypes (CVB1-6) is safe to 

administer and highly immunogenic in preclinical models, including non-human primates. 

Before initiating clinical trials with this type of vaccine it was also important to address whether 

a) the vaccine itself induces adverse immune reactions including accelerating diabetes onset in 

a diabetes prone host and b) the vaccine can prevent CVB induced diabetes in a well-established 

disease model. Here we present results from studies in which female NOD mice were left 

untreated, mock-vaccinated or vaccinated with CVB1-6 vaccine and monitored for insulitis 

occurrence or diabetes development. We demonstrate that vaccination induces virus 

neutralizing antibodies without altering insulitis scores or the onset of diabetes. We also show 

that NOD mice vaccinated with a CVB1 vaccine are protected from CVB-induced accelerated 

disease onset. Taken together, these studies show that CVB vaccines do not alter islet 

inflammation or accelerate disease progression in an animal model that spontaneously develops 

autoimmune type 1 diabetes. However, they can prevent CVB-mediated disease progression in 

the same model. 
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Type 1 diabetes is a common autoimmune disease caused by the destruction of the insulin 

producing pancreatic beta cells. Genetic and environmental factors are contributory, but their 

precise roles remain unclarified (1). Amongst the possible environmental triggers, viral 

infections have been widely studied and mounting evidence suggests that enteroviruses, 

especially the Coxsackievirus B (CVB) serotypes, may contribute to the development of type 

1 diabetes (1-3). 

A few schools of thought exist regarding the mechanisms through which CVBs may cause type 

1 diabetes. Results from some studies support the notion that CVBs could be involved in 

initiating the disease process. For instance, it was found in the TEDDY (The Environmental 

Determinants of Diabetes in the Young) study that prolonged enterovirus B infections were 

associated with the development of islet autoimmunity but not type 1 diabetes (3). Similar 

results were seen in the DIPP (Diabetes Prediction and Prevention) study where associations 

were also documented between enterovirus infections and islet autoimmunity (4-6). An 

alternative hypothesis is that CVBs accelerate an on-going autoimmune process. Data from the 

DAISY (Diabetes Auto Immunity Study in the Young) study implies that enterovirus infections 

in autoantibody positive individuals increase the speed of progression to diabetes (7). This 

observation has been supported by animal models in which CVB infection accelerates the onset 

of diabetes in pre-diabetic animals (8-10). It is of course feasible that both hypotheses hold true 

and enteroviruses may contribute to the development of type 1 diabetes in both manners.   

To determine the causal role of CVBs in human type 1 diabetes, vaccine development initiatives 

have been undertaken (9; 11-14). A non-adjuvanted inactivated vaccine comprising of the six 

CVB1-6 serotypes was recently shown to be highly immunogenic in mice and non-human 

primates in preclinical studies (13). Furthermore, this vaccine did not alter weight gain and 
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blood glucose levels in both models and had no effect on temperature and hematological 

readouts in rhesus macaques, demonstrating an excellent safety profile (13).

The recent introduction of new vaccines in the human population has shown that adverse events 

may occur. These include associations between vaccination and the occurrence of autoimmune 

diseases (15; 16). As the current CVB vaccine is based on inactivated whole virus particles and 

CVB virus infections have been associated with both the initiation and progression of the 

processes that lead to type 1 diabetes (3; 5-7; 17), it is also paramount to ensure that vaccination 

itself doesn’t affect the onset of autoimmune diabetes in a similar manner to infectious virus. 

Here, we present the results from pre-clinical studies testing whether vaccination of young, 

CVB-naïve female NOD mice (a model prone to develop autoimmune diabetes (18)) with a 

multivalent CVB vaccine accelerates disease onset or increases diabetes incidence. Further to 

this, we also examined whether this type of vaccine can provide protection against the 

acceleration in diabetes onset seen after CVB infection of NOD mice that are in the pre-diabetic 

phase.

Research Design and Methods:

Animal husbandry and monitoring of animal health

NOD mice were bred in-house and housed in specific pathogen-free conditions at Karolinska 

Institutet, Stockholm, Sweden. A local ethics committee granted approval for all experiments 

which were performed in accordance with the NIH principles of Laboratory Animal Care and 

national laws in Sweden. Animals were housed in ventilated cages and provided with water and 
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food ad libitum. A maximum number of 5 mice were housed per cage and no mice were single 

housed. Extended health monitoring of mice was performed including examining changes in 

health status (weight changes, alterations in natural behaviour, porphyria, movement and 

posture, piloerection, respiration and skin). Animals were randomly assigned to treatment 

groups. Weight and blood glucose measurements were monitored weekly until the experimental 

endpoint (diabetes onset, a health score of 0.4 or higher, or when the animals had reached the 

defined end point of the experiment). The researchers were not blinded to the experimental 

groups during the experiments. At the experimental endpoint, mice were anaesthetised with 

isoflurane, a terminal heart puncture was performed for blood drawing and the animals were 

then euthanized by cervical dislocation.

Vaccine production

CVB1-6 and CVB1 vaccines were produced by formalin inactivation of the CVB1-6 or CVB1 

serotypes (13). The vaccine was then formulated in Medium M199 (Gibco, Thermofisher 

Scientific, Vanda, Finland) containing 0.1% Tween 80 by mixing 1g of each inactivated virus 

serotype per dose for the CVB1-6 vaccine or 1.8g for the CVB1 vaccine.

Vaccination strategies

Female age-matched NOD mice (4.9 – 7.1 weeks old) were randomly assigned to treatment 

groups (untreated, mock-vaccinated or vaccinated). Animals were either left untreated, 

vaccinated with non-adjuvanted CVB1-6 vaccine on two or three occasions, 2-3 weeks apart, 

vaccinated with CVB1 vaccine on 3 occasions, 2-3 weeks apart, or mock-vaccinated with 

vaccine buffer alone (M199 Medium + 0.1% Tween 80 + 0.001% formalin, v/v). Each 
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vaccination was performed by subcutaneous (interscapular) injection (150l). Serum samples 

were collected from the tail vein when indicated in the text. Animals were either euthanized 6 

weeks later (Fig. 1), monitored for diabetes incidence up until the age of 30 weeks (Fig. 2), or 

infected with virus (Fig. 3) as described under CVB1 infection.

CVB1 infection

Female NOD mice (10.5 - 13.5 weeks old) were randomly assigned to either control (n=31) or 

CVB1 infection (n=14; 107 plaque forming units (PFU) CVB1 by intraperitoneal (i.p.) 

injection, total volume 200l; Fig. 3a, b) groups. In other experiments (Fig. 3c-e), female NOD 

mice (6.3 – 6.9 weeks old) were assigned to untreated (n=16), mock-vaccination (n=16) or 

CVB1 vaccine (n=12) groups and vaccinated as described in Vaccination strategies above. Mice 

in the mock- and CVB1-vaccine groups were infected with CVB1 (107 PFU by i.p. injection, 

total volume 200l) one week after the final vaccination (approximately 12-13 weeks old). In 

both experimental set ups diabetes incidence was followed up until 30 weeks of age/diabetes 

onset.

Blood glucose measuring and monitoring of diabetes incidence

Blood glucose concentrations were measured in blood drawn from the tail vein using a Bayer 

Contour XT blood glucose meter (Bayer, Basel, Switzerland). Diabetes was defined as a blood 

glucose value  18 mmol/l. If the blood glucose value was between 13 and 18 mmol/l the mouse 

was checked the next day and if it remained > 13mmol/l the mouse was deemed diabetic.

Neutralizing antibody measurements
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CVB1-6 neutralizing antibody titers were measured by a standard virus plaque reduction assay 

using GMK cells (National Institute for Health and Welfare, Finland; mycoplasma negative; 

(4; 17; 19)). In short, serum was serially diluted starting with a 1:4 dilution and was mixed with 

100 PFU of the respective CVB serotypes used to produce the vaccine (for details regarding 

the viruses, see (13; 20)). The serum-virus suspensions were incubated for 1 hour at 37C and 

then overnight at room temperature. GMK-cells were grown to 95% confluency in 12-well 

plates and the virus-serum mixture was added to these cells and incubated at 37C for 1h, then 

replaced with a semisolid medium (minimum essential medium supplemented with 0.67% 

carboxymethylcellulose – Merck, Sigma-Aldrich, Finland). Plates were incubated for 2 days at 

37C, then the cells were fixed and stained with formaldehyde-crystal violet solution. Plaque 

numbers were counted with the researchers blinded to the treatment groups, and serum samples 

which had a reduction in plaque numbers of 80% or more compared to an untreated virus control 

were deemed to be positive for neutralizing antibodies. This assay has a technical detection 

limit of 1:4 and serum sample positivity for neutralizing antibodies was set to a dilution  1:16.

Histology and immunohistochemistry

Mouse pancreases were collected, formalin-fixed in 4% paraformaldehyde overnight and 

embedded in paraffin. Organs were cut into 5-m thick sections. For the insulitis scoring (Fig. 

1), each pancreas was sectioned in two-three levels with >20 sections difference between each 

level (100-m) and for the histological assessment in Fig. 3 and Supplementary Fig. 4, sections 

from one level of the pancreas were used.  Sections were deparaffinized and stained with 

primary antibodies against insulin (1:20,000; A0564, Dako, Ely, UK) or glucagon (1:12,000; 

EP3070, Abcam, Cambridge UK; both validated in formalin-fixed paraffin-embedded murine 
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pancreas sections) and counter stained with hematoxylin using standard immunohistochemical 

techniques (as described in (9; 21)). 

Insulitis scoring

Pancreas sections stained with insulin and glucagon were assessed (in a blinded manner) by 

light microscopy by two investigators and ranked for insulitis according to the following 

ranking method. 0- healthy islet with normal morphology with no mononuclear cells 

surrounding or infiltrating the islets; 1- peri-insulitis: mononuclear cells surrounding the islets 

on the periphery of the islets; 2- insulitis: infiltration of mononuclear cells into the islet; 3- 

infiltrated islet with no signs of insulin staining (denoted destroyed islet). See Fig. 1b for an 

example of islets with different scores. An insulitis score for each mouse was obtained by 

calculating the scores for each pancreas and dividing this total score by the number of islets 

examined. Data is presented as mean insulitis score ± SD for each treatment group.

Statistical analysis

Statistical analyses were performed using Prism 9 software (GraphPad, La Jolla, CA). Insulitis 

scores (index), CVB1 neutralizing antibody titers and age at diabetes onset (CVB1-infected 

mice) were analyzed by an unpaired t-test. Percentage of islets with differing insulitis scores 

was assessed by two-way ANOVA with Sidak’s multiple comparison test. Age at diabetes onset 

(CVB1-6 vaccinated mice) was analyzed by one-way ANOVA with Tukey’s multiple 

comparison test. Diabetes survival curves were assessed by Gehan-Breslow-Willcoxon test. In 

the studies examining virus-accelerated diabetes onset, the differences in the survival curves 

were assessed two weeks after infection when the acceleration in disease onset is expected to 

occur by Gehan-Breslow-Willcoxon test, as described in (22; 23). Age at diabetes onset in the 
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CVB1 vaccine studies was assessed by Kruskal Wallis test with Dunn’s multiple comparisons. 

Data are expressed as mean  SD. A p value  0.05 was considered statistically significant.

Data and Resource availability

The datasets generated during and/or analyzed during the current study are available from the 

corresponding author on reasonable request. No applicable resources were generated or 

analyzed during the current study.

Results:

A CVB1-6 vaccine does not aggravate insulitis in NOD mice

First, we studied whether the CVB1-6 vaccine alters pancreatic islet inflammation in age-

matched female NOD mice. Young mice that had no previous exposure to CVBs were 

vaccinated three times (on days 0, 14 and 28, n=3 or on days 0, 21 and 35, n=5) with the CVB1-6 

vaccine or with vaccine buffer (n=13) and their pancreases were assessed at around 12 weeks 

of age. As seen before (13), vaccinated mice had CVB1-6 neutralizing antibodies by day 41/42 

after the initial vaccination dose (Fig. 1a) which were absent on day 0 (data not shown). 

Neutralizing antibody data shown in blue was previously presented in (13) but the pancreas had 

not been assessed for insulitis. Moreover, the CVB1-6 vaccine had no negative effects on 

animal weight and blood glucose levels up to 6 weeks post-initial vaccination (the endpoint of 

the study; Supplementary Fig. 1a-f). Pancreatic islet inflammation was assessed and the average 

number of islets scored per animal was 30 ± 14 (range: 9 – 64). All animals showed signs of 

pancreatic islet inflammation but no significant differences in pancreatic insulitis scores 
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between mock- and CVB1-6 vaccinated mice were observed (Fig. 1b-d). These results imply 

that the CVB1-6 vaccine does not alter immune cell infiltration in the pancreatic islets of 

Langerhans.

Diabetes onset is not affected in NOD mice vaccinated with a CVB1-6 vaccine 

Next, we examined the safety of the CVB1-6 vaccine with regards to diabetes development in 

NOD mice. To address whether the vaccine changed the onset of diabetes in NOD mice, young 

animals were left untreated (n=10), mock-vaccinated (n=15) or vaccinated with CVB1-6 

vaccine (n=14) two-three times on days 0, 21 and 35. Blood glucose levels were monitored 

until 30 weeks of age or until diabetes onset when the mice were removed. Vaccine 

immunogenicity was confirmed by CVB1-6 neutralizing antibody responses (Fig. 2a) which 

were absent at day 0 in all mice and at day 42 in untreated and mock-vaccinated mice (data not 

shown). No detrimental outcomes on weight (Supplementary Fig. 2) or general health status 

were seen. CVB1-6 vaccination did not alter the incidence of diabetes compared to the mock-

vaccinated and untreated groups and the kinetics of diabetes onset did not differ between the 

groups (Fig. 2b). Likewise, no differences were seen in the mean age at diabetes onset when 

comparing animals from the three groups (Fig. 2c). Taken together, this data indicates that the 

CVB1-6 vaccine does not alter the development of autoimmune diabetes in NOD mice. 

A CVB vaccine protects against CVB1-accelerated diabetes onset in NOD mice

CVB infections have been implicated in type 1 diabetes in humans and have also been shown 

to accelerate the onset of diabetes in pre-diabetic mice (7-10). As such, we next decided to 

examine whether vaccination can prevent the accelerating effect that CVB infection has on the 

development of diabetes in NOD mice. First, we confirmed that CVB infection accelerates the 
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onset of diabetes in pre-diabetic female NOD mice in our colony. Pre-diabetic animals were 

left untreated or infected with CVB1 and the incidence of diabetes was monitored up to 30 

weeks of age. CVB1 infected mice developed diabetes faster than the control group (Fig. 3a) 

and the mean age at diabetes onset was significantly lower in infected animals (13.1 weeks old) 

compared to the controls (19.9 weeks old; Fig. 3b). 

We subsequently wanted to see if a CVB vaccine could protect against this virus-mediated 

acceleration in diabetes onset. Female NOD mice were either left untreated, mock-vaccinated 

and then infected with CVB1 (mock + CVB1) or vaccinated and then infected with CVB1 

(vaccine + CVB1). Diabetes incidence was monitored until the mice were 30 weeks old. To 

ensure the vaccine was immunogenic, virus neutralizing antibodies were measured in serum 

collected prior to infection (day 42). Mice vaccinated with the CVB1 vaccine induced a good 

neutralizing antibody response (Fig. 3c) which was absent in mock-vaccinated animals (data 

not shown). As expected, an acceleration in diabetes onset was seen in the mock-vaccinated 

(buffer) + CVB1 group compared to untreated mice (Fig. 3d). In comparison, the CVB1 vaccine 

protected against CVB1-mediated acceleration in diabetes onset and the survival curve in the 

vaccine + CVB1 group mirrored that of the untreated animals (Fig. 3d). Significant differences 

between the curves were detected in the 2 weeks after infection when the majority of 

acceleration occurs. Moreover, the mean age at diabetes onset was lower in the mock-

vaccinated (buffer) + CVB1 group (16.3 weeks old; Fig. 3e) than in the vaccine + CVB1 groups 

(21.9 weeks old; Fig. 3e) and the untreated group (19.6 weeks old; Fig. 3e). 

The protective capacity of the vaccine was further illustrated when pancreas integrity was 

compared between the untreated, mock-vaccinated (buffer) + CVB1 and vaccine + CVB1 

groups at the onset of diabetes (Fig. 3f). Vaccinated animals had healthy exocrine tissue 
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morphology at the time of diabetes onset in a similar manner to untreated animals, whereas 

there was significant exocrine tissue destruction in the mock-vaccinated (buffer) group as 

shown by the representative images in Fig. 3f. Differences were also seen between these groups 

in the animals that did not develop diabetes by 30 weeks of age. There was evidence of exocrine 

tissue loss in the pancreas of mock-vaccinated animals as illustrated by the presence of islets in 

fat tissue (Supplementary Fig. 4 e,f), although some exocrine tissue had either remained healthy 

or regenerated in these animals (Supplementary Fig. 4 c,d). In contrast, normal pancreas 

histology was seen in the untreated and vaccinated groups (Supplementary Fig. 4 a,b,g,h). 

Collectively, these studies show that a CVB vaccine protects against CVB1-accelerated 

diabetes in NOD mice.

Discussion:

Pre-clinical studies are an important part of initial vaccine efficacy and safety assessments. 

These studies serve to identify elements that require further assessment and can also help to 

design vaccination schedules. Additionally, they may uncover adverse events including 

undesired immune reactions that can, for example, lead to, autoimmune diseases. Such diseases 

have occurred, albeit rarely, after immunization with other vaccines (15; 16). Our studies 

demonstrate that a multivalent CVB vaccine does not accelerate the onset of diabetes in NOD 

mice, a commonly used animal model for type 1 diabetes. We confirmed that early vaccination 

with this vaccine induces virus neutralizing antibodies and showed that immunity to CVBs is 

achieved without altering islet inflammation or changing the average time to diabetes onset. 

These results are in line with our previous observation that vaccination of pre-diabetic NOD 

mice with a monovalent CVB1 vaccine did not increase the production of insulin autoantibodies 

(9). This also suggests that inactivation of the viruses abolishes the diabetogenic properties of 
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the CVBs, which have previously been observed in the NOD mouse (8-10) and which are 

suspected in humans (4; 7). 

Human cohort studies focused on understanding the triggers of type 1 diabetes have produced 

results suggesting that CVBs could be critically involved at different stages of the disease. In 

the TEDDY and DIPP studies, enterovirus infections were associated with the development of 

islet-specific autoantibodies (3-6). In contrast, the DAISY study reported that enterovirus 

infections accelerated the speed of progression to overt diabetes in autoantibody positive 

individuals (7). Different animal models exist that may replicate how CVBs could contribute 

to type 1 diabetes development in humans, as alluded to in the cohort studies. Direct infection 

of the beta-cell by CVBs is a possible mechanism through which beta-cell autoimmunity could 

be induced. In our previous studies using the SOCS-1-tg mouse model, where the beta-cells are 

susceptible to CVB infection leading to diabetes (21; 24), we have shown that CVB vaccines 

can prevent virus-induced diabetes (13; 14). It is also possible to mimic virus-acceleration of 

an on-going autoimmune process by infecting pre-diabetic NOD mice with CVBs (8-10). In 

this study we report for the first time that a CVB vaccine is also capable of preventing virus-

mediated acceleration in diabetes onset. Type 1 diabetes appears to be a highly heterogenous 

disease and it is feasible that both virus-induced autoimmunity and acceleration in the rate of 

diabetes onset in autoantibody-positive individuals after virus infection could occur in different 

groups. The ability of CVB vaccines to prevent both forms of virus-mediated diabetes in 

relevant pre-clinical models provides excellent proof-of-concept evidence for the use of such a 

vaccine to elucidate the multiple potential roles of CVBs in human type 1 diabetes. 

Based on the aforementioned studies (amongst others) that suggest enteroviruses may have an 

important role in type 1 diabetes and from promising results using the mono- and current 
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multivalent CVB vaccine in pre-clinical studies (9; 13; 14; 25), the production and clinical 

testing of a similar multivalent CVB vaccine was recently initiated (11; 12; 26).  Our previous 

work with experimental CVB vaccines demonstrates that such vaccines show strong potential 

for use in the prevention of CVB infections and diseases associated with these infections in 

humans (13; 14).  We also found that there were no adverse effects on glucose regulation (13) 

and no conspicuous infiltration of immune cells in the pancreas (Stone et al. unpublished 

observation) in rhesus macaques immunized with the multivalent CVB vaccine. The present 

study builds on these foundations by suggesting that this type of vaccine does not alter islet 

inflammation or diabetes onset in a preclinical mouse model for autoimmune type 1 diabetes. 

In summary, this study provides data that supports the use of an equivalent vaccine in human 

clinical trials to establish whether CVBs are involved in type 1 diabetes. Such trials will involve 

the immunization of young children with a genetic predisposition for the disease who are yet to 

experience a CVB infection. If the involvement of CVBs in type 1 diabetes is confirmed, the 

vaccine could provide a viable preventative measure for this disease.
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Figure legends:

Figure 1: CVB1-6 vaccine does not increase pancreatic islet inflammation (insulitis) in 

pre-diabetic NOD mice. Female NOD mice (mean age 5.5 weeks, range: 5.1 - 6.3 weeks) were 
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mock-vaccinated (buffer, n=13) or vaccinated with CVB1-6 vaccine (n=8) by i.s. injection on 

three occasions (on days 0, 14 and 28, n=3 or on days 0, 21 and 35, n=5). Mice were followed 

until 12 weeks of age (6-8 weeks after the first vaccination). (a) Average virus neutralizing 

antibody titers in the serum of CVB1-6 vaccinated mice against the six CVB serotypes on day 

41/42 post the first vaccination dose. Sera from mock-vaccinated mice had no virus neutralizing 

capacity (data not shown). Shown are the mean neutralizing antibody titers  SD with individual 

mice represented by a single symbol. Blue symbols represent neutralizing antibody titer data 

that was also published in (13) (b-d) Sections of formalin fixed paraffin embedded pancreas 

were scored in a blinded manner for islet immune infiltration as described in the Research 

Design and Methods section. (b) Representative images of islets with different scores as 

described in the Research Design and Methods and ESM Methods. (c) The total score per 

pancreas was divided by the total number of islets scored. Shown are the mean scores  SD 

with. Each score from an individual animal is represented by a single symbol; buffer (black 

squares; n=13) or CVB1-6 vaccine (black circles; n=8). No statistically significant difference 

was found between the groups using an unpaired t test. (d) Data show the percentage of islets 

from each mouse that fall into each insulitis category assessed as illustrated in (b). Islets were 

scored as intact (0; black circles), peri-insulitis (1; black squares), insulitis (2; black triangles) 

or destroyed (3; black diamonds). No statistically significant differences were found between 

the groups using two-way ANOVA with Sidak’s multiple comparison test. 

Figure 2: Diabetes onset is not altered in NOD mice immunized with a CVB1-6 vaccine. 

(a-c) Female NOD mice (mean age 5.7 weeks, range 4.9 - 7.1 weeks) were left untreated (n=10), 

mock-vaccinated (n=15) or vaccinated (n=14) with CVB1-6 vaccine by i.s. injection on either 

two (days 0 and 21; n=6 for buffer, n=10 for CVB1-6 vaccine) or three (days 0, 21 and 35; n=9 

for buffer, n=4 for CVB1-6 vaccine) occasions. (a) Average neutralizing antibody titers in the 
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serum of CVB1-6 vaccinated mice against the six CVB serotypes on day 42 post the first 

vaccination dose. Sera from untreated and mock-vaccinated mice had no neutralizing capacity. 

Shown are the mean virus neutralizing antibody titers  SD with individual mice represented 

by a single symbol. Blue symbols represent virus neutralizing antibody titer data that was also 

published in (13). (b) Cumulative diabetes incidence and (c) average age at diabetes onset in 

the three groups. The dotted lines in (b) and (c) show the average age at vaccination. The mean 

age at diabetes onset  SD is shown in (c) and the ages at which individual animals developed 

diabetes are displayed as single symbols. No statistically significant differences were found 

between the groups using Gehan-Breslow-Willcoxon test (b) one-way ANOVA with Tukey’s 

multiple comparison test (c).
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Figure 3: CVB1 vaccine protects against CVB1 accelerated disease in NOD mice. (a,b) Female 

NOD mice were left untreated (control; dotted line; n=31) or infected with CVB1 (107 PFU by i.p. 

injection, total volume 200l) between 10.5 - 13.5 weeks of age (solid line; n=14) and diabetes 

incidence was followed up to 30 weeks of age. (a) Diabetes incidence curves of the two groups. 

The red arrow indicates the mean age at infection. The grey box shows the two-week period after 

virus infection, p<0.001 when comparing the diabetes incidence curves during this period by 

Gehan-Breslow-Wilcoxon test. The p value, p=0.0103, comes from the comparison of the two 

curves up to 30 weeks of age by Gehan-Breslow-Wilcoxon test. (b) Age at diabetes onset. 

Individual mice are represented by a single symbol and the horizontal line shows the mean age at 

diabetes onset ± SD. p<0.0001, unpaired t-test. (c-e) Female mice (6.3 – 6.9 weeks old) were left 

untreated (n=16), mock-vaccinated with vaccine buffer and infected with CVB1 virus (buffer + 

CVB1; n=16) or vaccinated with CVB1 vaccine and infected with CVB1 virus (vaccine + CVB1; 

n=12). Vaccinations were performed on days 0, 21 and 35 and the mice were infected with virus 

(107 PFU by i.p. injection, total volume 200l) on day 42 (12.3 -12.9 weeks of age). Diabetes 

incidence was followed up to 30 weeks of age. (c) Neutralizing antibody titers on days 0 and 42 in 

mice vaccinated with the CVB1 vaccine as measured by standard plaque reduction assay. 

Neutralizing antibodies were not detected in the mock-vaccinated and untreated groups (data not 

shown). Individual mice are represented by a single symbol and the horizontal line shows the mean 

neutralizing antibody titer ± SD. p<0.005, unpaired t-test. (d) Diabetes incidence curves in the 

untreated (dotted line), buffer + CVB1 (dashed line) and vaccine + CVB1 (solid line) groups. The 

black arrows indicate the approximate vaccination ages and the red arrow indicates the approximate 

age when the mice were infected. The grey box shows the two-week period after virus infection, 

p=0.008 when comparing the diabetes incidence curves by Gehan-Breslow-Wilcoxon test. (e) Age 

at diabetes onset. Individual mice are represented by a single symbol and the horizontal line shows 

the mean age at diabetes onset ± SD. Groups compared by Kruskal-Wallis test with Dunn’s multiple 
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comparison. In brackets are the p values generated when one mouse which was borderline diabetic 

from 15 weeks of age but didn’t develop overt diabetes until 25 weeks of age was excluded (open 

square; buffer + CVB1), see Supplementary Fig. 3b for the blood glucose values. (f) Representative 

images of sequential pancreas sections stained with insulin (top row) and glucagon (bottom row) 

from mice that developed diabetes in the untreated (left hand column), mock vaccinated (buffer) + 

CVB1 (middle column) and vaccine + CVB1 (right hand column) groups. Positive areas are stained 

brown. Scale bars are present in the bottom left-hand corner of each image. 
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31 Abstract:

32

33 Enteroviruses, including the Coxsackievirus Bs (CVB), have been implicated as causal agents 

34 in human type 1 diabetes. Immunization of at-risk individuals with a CVB vaccine provides an 

35 attractive strategy for elucidating the role of CVBs in the disease etiology. Previously we have 

36 shown that an inactivated whole-virus vaccine covering all CVB serotypes (CVB1-6) is safe to 

37 administer and highly immunogenic in preclinical models, including non-human primates. 

38 Before initiating clinical trials with this type of vaccine it was also important to address whether 

39 a) the vaccine itself induces adverse immune reactions including accelerating diabetes onset in 

40 a diabetes prone host and b) the vaccine can prevent CVB induced diabetes in a well-established 

41 disease model. Here we present results from studies in which female NOD mice were left 

42 untreated, mock-vaccinatedtreated or vaccinated with CVB1-6 vaccine and monitored for 

43 insulitis occurrence or diabetes development. We demonstrate that vaccination induces virus 

44 neutralizing antibodies without altering insulitis scores or the onset of diabetes. We also show 

45 that NOD mice vaccinated with a CVB1 vaccine are protected from CVB-induced accelerated 

46 disease onset. Taken together, these studies show that CVB vaccines do not alter islet 

47 inflammation or accelerate disease progression in an animal model that spontaneously develops 

48 autoimmune type 1 diabetes. However, they can are capable of preventing CVB-mediated 

49 disease progression in the same model. 

50

51

Page 23 of 58

For Peer Review Only

Diabetes



3

52 Type 1 diabetes is a common autoimmune disease caused by the destruction of the insulin 

53 producing pancreatic beta cells. Genetic and environmental factors are contributory, but their 

54 precise roles remain unclarified (1). Amongst the possible environmental triggers, viral 

55 infections have been widely studied and mounting evidence suggests that enteroviruses, 

56 especially the Coxsackievirus B (CVB) serotypes, may contribute to the development of type 

57 1 diabetes (1-3). 

58

59 A few schools of thought exist regarding the mechanisms through which CVBs may cause type 

60 1 diabetes. Results from some studies support the notion that CVBs could be involved in 

61 initiating the disease process. For instance, it was found in the TEDDY (The Environmental 

62 Determinants of Diabetes in the Young) study that prolonged enterovirus B infections were 

63 associated with the development of islet autoimmunity but not type 1 diabetes (3). Similar 

64 results were seen in the DIPP (Diabetes Prediction and Prevention) study where associations 

65 were also documented between enterovirus infections and islet autoimmunity (4-6). An 

66 alternative hypothesis is that CVBs accelerate an on-going autoimmune process. Data from the 

67 DAISY (Diabetes Auto Immunity Study in the Young) study implies that enterovirus infections 

68 in autoantibody positive individuals increase the speed of progression to diabetes (7). This 

69 observation has been supported by animal models in which CVB infections accelerates the 

70 onset of diabetes in pre-diabetic animals (8-10). It is of course feasible that both of these 

71 hypotheses could hold true and enteroviruses may contribute to the development of type 1 

72 diabetes in both manners.   

73

74 To determine the causal role of CVBs in human type 1 diabetes, vaccine development initiatives 

75 have been undertaken (9; 11-14). A non-adjuvanted inactivated vaccine comprising of the six 

76 CVB1-6 serotypes was recently shown to be highly immunogenic in mice and non-human 
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77 primates in preclinical studies (13). Furthermore, this vaccine did not alter weight gain and 

78 blood glucose levels in both models and had no effect on temperature and hematological 

79 readouts in rhesus macaques, demonstrating an excellent safety profile (13).

80

81 The recent introduction of new vaccines in the human population has shown that adverse events 

82 may occur. These include associations between vaccination and the occurrence of autoimmune 

83 diseases (15; 16). As the current CVB vaccine is based on inactivated whole virus particles and 

84 CVB virus infections have been associated with both the initiation and progression of the 

85 processes that lead to type 1 diabetes (3; 5-7; 17), it is also paramount to ensure that vaccination 

86 itself doesn’t affect the onset of autoimmune diabetes in a similar manner to infectious virus. 

87

88 Here, we present the results from pre-clinical studies testing whether vaccination of young, 

89 CVB-naïve female NOD mice (a model prone to develop autoimmune diabetes (18)) with a 

90 multivalent CVB vaccine accelerates disease onset or increases diabetes incidence. Further to 

91 this, we also examined whether this type of vaccine is capable of providingcan provide 

92 protection against the acceleration in diabetes onset seen after CVB infection of NOD mice that 

93 are in the pre-diabetic phase.

94

95 Research Design and Methods:

96

97 Animal husbandry and monitoring of animal health

98

99 NOD mice were bred in-house and housed in specific pathogen-free conditions at Karolinska 

100 Institutet, Stockholm, Sweden. A local ethics committee granted approval for all experiments 

101 which were performed in accordance with the NIH principles of Laboratory Animal Care and 
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102 national laws in Sweden. Animals were housed in ventilated cages and provided with water and 

103 food ad libitum. A maximum number of 5 mice were housed per cage and no mice were single 

104 housed. Extended health monitoring of mice was performed including examining changes in 

105 health status (weight changes, alterations in natural behaviour, porphyria, movement and 

106 posture, piloerection, respiration and skin). Animals were randomly assigned to treatment 

107 groups. Weight and blood glucose measurements were monitored weekly until the experimental 

108 endpoint (diabetes onset, a health score of 0.4 or higher, or when the animals had reached the 

109 defined end defined as the end point of the experiment). The researchers were not blinded to 

110 the experimental groups during the experiments. At the experimental endpoint, mice were 

111 anaesthetised with isoflurane, a terminal heart puncture was performed for blood drawing and 

112 the animals were then euthanized by cervical dislocation.

113

114 Vaccine production

115

116 CVB1-6 and CVB1 vaccines were produced by formalin inactivation of the CVB1-6 or CVB1 

117 -6 serotypes (13). The vaccine was then formulated in Medium M199 (Gibco, Thermofisher 

118 Scientific, Vanda, Finland) with containing 0.1% Tween 80 by mixing 1g of each inactivated 

119 virus serotype per dose for the CVB1-6 vaccine or 1.8g for the CVB1 vaccine.

120

121 Vaccination strategies

122

123 Female age-matched NOD mice (4.9 – 7.1 weeks old) were randomly assigned to treatment 

124 groups (untreated, mock- vaccinated or vaccinated). Animals were either left untreated, 

125 vaccinated with non-adjuvanted CVB1-6 vaccine on two or three occasions, 2-3 weeks apart, 

126 vaccinated with CVB1 vaccine on 3 occasions, 2-3 weeks apart, or mock-vaccinated with 
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127 vaccine buffer alone (M199 Medium + 0.1% Tween 80 + 0.001% formalin, v/v). Each 

128 vaccination was performed by subcutaneous (interscapular) injection (150l). Serum samples 

129 were collected from the tail vein when indicated in the text. Animals were either euthanized 6 

130 weeks later (Fig. 1), monitored for diabetes incidence up until the age of 30 weeks (Fig. 2) or 

131 infected with virus (Fig. 3) as described under CVB1 infection.

132

133 CVB1 infection

134 Female NOD mice (10.5 - 13.5 weeks old) were randomly assigned to either control (n=31) or 

135 CVB1 infection (n=14; 107 plaque forming units (PFU) CVB1 by intraperitoneal (i.p.) 

136 injection, total volume 200l; Fig. 3a, b) groups. In other experiments (Fig. 3c-e), female NOD 

137 mice (6.3 – 6.9 weeks old) were assigned to untreated (n=16), mock-vaccination (n=16) or 

138 CVB1 vaccine (n=12) groups and vaccinated as described in Vaccination strategies above. Mice 

139 in the mock- and CVB1-vaccine groups were infected with CVB1 (107 PFU by i.p. injection, 

140 total volume 200l) one week after the final vaccination (approximately 12-13 weeks old). In 

141 both experimental set ups diabetes incidence was followed up until 3025 weeks of age/diabetes 

142 onset.

143

144 Blood glucose measuring and monitoring of diabetes incidence

145

146 Blood glucose concentrations were measured in blood drawn from the tail vein using a Bayer 

147 Contour XT blood glucose meter (Bayer, Basel, Switzerland). Diabetes was defined as a blood 

148 glucose value  18 mmol/l. If the blood glucose value was between 13 and 18 mmol/l the mouse 

149 was checked the next day and if it remained > 13mmol/l the mouse was deemed diabetic.

150

151 Neutralizing antibody measurements
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152

153 CVB1-6 neutralizing antibody titers were measured by a standard virus plaque reduction assay 

154 using GMK cells (National Institute for Health and Welfare, Finland; mycoplasma negative; 

155 (4; 17; 19)). In short, serum was serially diluted starting with a 1:4 dilution and was mixed with 

156 100 PFU of the respective CVB serotypes used to produce the vaccine (for details regarding 

157 the viruses, see (13; 20)). The serum-virus suspensions were incubated for 1 hour at 37C and 

158 then overnight at room temperature. GMK-cells were grown to 95% confluency in 12-well 

159 plates and the virus-serum mixture was added to these cells and incubated at 37C for 1h, then 

160 replaced with a semisolid medium (minimum essential medium supplemented with 0.67% 

161 carboxymethylcellulose – Merck, Sigma-Aldrich, Finland). Plates were incubated for 2 days at 

162 37C, then the cells were fixed and stained with formaldehyde-crystal violet solution. Plaque 

163 numbers were counted with the researchers blinded to the treatment groups, and serum samples 

164 which had a reduction in plaque numbers of 80% or more compared to an untreated virus control 

165 were deemed to be positive for neutralizing antibodies. This assay has a technical detection 

166 limit of 1:4 and serum sample positivity for neutralizing antibodies was set to a dilution  1:16.

167

168 Histology and immunohistochemistry

169

170 Mouse pancreases were collected, formalin-fixed in 4% paraformaldehyde overnight and 

171 embedded in paraffin. Organs were cut into 5-m thick sections. For the insulitis scoring (Fig. 

172 1), eEach pancreas was sectioned in two-three levels with >20 sections difference between each 

173 level (100-m) and for the histological assessment in Fig. 3 and Supplementary Fig. 4, sections 

174 from one level of the pancreas were used. . Sections were deparaffinized and stained with 

175 primary antibodies against insulin (1:20,000; A0564, Dako, Ely, UK) or glucagon (1:12,000; 

176 EP3070, Abcam, Cambridge UK; both validated in formalin-fixed paraffin- embedded murine 
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177 pancreas sections) and counter stained with hematoxylin using standard immunohistochemical 

178 techniques (as described in (9; 21)). 

179

180 Insulitis scoring

181 Pancreas sections stained with insulin and glucagon were assessed (in a blinded manner) by 

182 light microscopy by two investigators and ranked for insulitis according to the following 

183 ranking method. 0- healthy islet with normal morphology with no mononuclear cells 

184 surrounding or infiltrating the islets; 1- peri-insulitis: mononuclear cells surrounding the islets 

185 on the periphery of the islets; 2- insulitis: infiltration of mononuclear cells into the islet; 3- 

186 infiltrated islet with no signs of insulin staining (denoted destroyed islet). See Fig. 1b for an 

187 example of islets with different scores. An insulitis score for each mouse was obtained by 

188 calculating the scores for each pancreas and dividing this total score by the number of islets 

189 examined. Data is presented as mean insulitis score ± SD for each treatment group.

190

191 Statistical analysis

192

193 Statistical analyses were performed using Prism 9 software (GraphPad, La Jolla, CA). Insulitis 

194 scores (index), CVB1 neutralizing antibody titers and age at diabetes onset (CVB1-infected 

195 mice) were analyzed by an unpaired t-test. Percentage of islets with differing insulitis scores 

196 was assessed by two-way ANOVA with Sidak’s multiple comparison test. Age at diabetes onset 

197 (CVB1-6 vaccinated mice) was analyzed by one-way ANOVA with Tukey’s multiple 

198 comparison test. Diabetes survival curves were assessed by Gehan-Breslow-Willcoxon test. In 

199 the studies examining virus-accelerated diabetes onset, the differences in the survival curves 

200 were assessed two weeks after infection when the acceleration in disease onset is expected to 

201 occur by Gehan-Breslow-Willcoxon test, as described in (22; 23). Age at diabetes onset in the 

Page 29 of 58

For Peer Review Only

Diabetes



9

202 CVB1 vaccine studies was assessed by Kruskal Wallis test with Dunn’s multiple comparisons. 

203 Data are expressed as mean  SD. A p value  0.05 was considered statistically significant.

204

205 Data and Resource availability

206

207 The datasets generated during and/or analyzed during the current study are available from the 

208 corresponding author on reasonable request. No applicable resources were generated or 

209 analyzed during the current study.

210

211 Results:

212

213 A CVB1-6 vaccine does not aggravate insulitis in NOD mice

214

215 First, we studied whether the CVB1-6 vaccine alters pancreatic islet inflammation in pre-

216 diabetic, age-matched female NOD mice. Young mice that had no previous exposure to CVBs 

217 were vaccinated three times (on days 0, 14 and 28, n=3 or on days 0, 21 and 35, n=5) with the 

218 CVB1-6 vaccine or with vaccine buffer alone (n=13) and their pancreases were assessed at 

219 around 12 weeks of age. As seen before (13), immunized vaccinated mice had CVB1-6 

220 neutralizing antibodies by day 41/42 after the initial vaccination dose (Fig. 1a) which were 

221 absent on day 0 (data not shown). Neutralizing antibody data shown in blue was previously 

222 presented in (13) but the pancreas were had not been assessed for insulitis. Moreover, the 

223 CVB1-6 vaccine had no negative effects on animal weight and blood glucose levels up to 6 

224 weeks post-initial vaccination (the endpoint of the study; Supplementary Fig. 1a-f). Pancreatic 

225 islet inflammation was assessedassessed and the average number of islets scored per animal 

226 was 30 ± 14 (range: 9 – 64). All animals showed signs of pancreatic islet inflammation but no 
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227 significant differences in pancreatic insulitis scores between mock- and CVB1-6  

228 immunizedvaccinated mice were observed (Fig. 1b-d). These results imply that the CVB1-6 

229 vaccine does not alter immune cell infiltration in the pancreatic islets of Langerhans.

230

231 Diabetes onset is not affected in NOD mice vaccinated with a CVB1-6 vaccine 

232

233 Next, we examined the safety of the CVB1-6 vaccine with regards to diabetes development in 

234 NOD mice. To address whether the vaccine changed the onset of diabetes in NOD mice, young 

235 animals were left untreated (n=10), mock-vaccinated (n=15) or vaccinated with CVB1-6 

236 vaccine (n=14) two-three times on days 0, 21 and 35. Blood glucose levels were monitored 

237 until 30 weeks of age or until diabetes onset when the mice were removed. Vaccine 

238 immunogenicity was confirmed by CVB1-6 neutralizing antibody responses (Fig. 2a) which 

239 were absent at day 0 in all mice and at day 42 in untreated and mock-vaccinatedimmunized 

240 mice (data not shown). No detrimental outcomes on weight (Supplementary Fig. 2) or general 

241 health status were seen. CVB1-6 vaccination did not alter the incidence of diabetes compared 

242 to the mock-vaccinated and untreated groups and the kinetics of diabetes onset did not differ 

243 between the groups (Fig. 2b). Likewise, no differences were seen in the mean age at diabetes 

244 onset when comparing animals from the three groups (Fig. 2c). Taken together, this data 

245 indicates that the CVB1-6 vaccine does not alter the development of autoimmune diabetes in 

246 NOD mice. 

247

248 A CVB vaccine protects against CVB1-accelerated diabetes onset in NOD mice

249 CVB infections have been implicated in type 1 diabetes in humans and have also been shown 

250 to accelerate the onset of diabetes in pre-diabetic mice (7-10). As such, we next decided to 

251 examine whether vaccination can prevent the accelerating effect that CVB infection has on the 
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252 development of diabetes in NOD mice. We fFirst, we confirmed that CVB infection accelerates 

253 the onset of diabetes in pre-diabetic female NOD mice in our colony. Pre-diabetic animals were 

254 left untreated or infected with CVB1 and the incidence of diabetes was monitored up to 3025 

255 weeks of age. CVB1 infected mice developed diabetes faster than the control group (Fig. 3a) 

256 and the mean age at diabetes onset was significantly lower in infected animals (13.1 weeks old) 

257 compared to the controls (19.91 weeks old; Fig. 3b). 

258

259 We subsequently next wanted to see if a CVB vaccine could protect against this virus-mediated 

260 acceleration in diabetes onset. Female NOD mice were either left untreated, mock- vaccinated 

261 and then infected with CVB1 (mock + CVB1), or) or vaccinated and then infected with CVB1 

262 (vaccine + CVB1). Diabetes incidence was monitored until the mice were 3025 weeks old. To 

263 ensure the vaccine was immunogenic, virus neutralizing antibodies were measured in serum 

264 collected prior to infection (day 42). Mice immunized vaccinated with the CVB1 vaccine 

265 induced a good neutralizing antibody response (Fig. 3c) which was absent in mock-vaccinated 

266 animals (data not shown). As expected, an acceleration in diabetes onset was seen in the buffer 

267 mock-vaccinated (buffer) + CVB1 group compared to untreated mice (Fig. 3d). In comparison, 

268 the CVB1 vaccine protected against CVB1-mediated acceleration in diabetes onset and the 

269 survival curve in the vaccine + CVB1 group mirrored that of the untreated animals (Fig. 3d). 

270 Significant differences between the curves were detected in the 2 weeks after infection when 

271 the majority of the acceleration occurs. Moreover, the mean age at diabetes onset was lower in 

272 the mock-vaccinated (buffer) + CVB1 group (16.3 weeks old; Fig. 3e) than in the vaccine + 

273 CVB1 group (21.9 weeks old; Fig. 3e) and the untreated group (19.6 weeks old; Fig. 3e). 

274 similarthe same in the untreated and vaccine + CVB1 groups (both( 19.620.1 weeks and 21.9 

275 weeks old respectively) but was lower in the mock-vaccinated (buffer) + CVB1 group (16.35 

276 weeks old; Fig. 3e). 
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277

278 The protective capacity of the vaccine was further illustrated when pancreas integrity was 

279 compared between the untreated, mock-vaccinated (buffer) + CVB1 and vaccine + CVB1 

280 groups at the onset of diabetes (Fig. 3f). Vaccinated animals had healthy exocrine tissue 

281 morphology at the time of diabetes onset in a similar manner to untreated animals, whereas 

282 there was significant exocrine tissue destruction in the mock-vaccinated (buffer) group as 

283 shown by the representative images in Fig. 3f. Differences were also seen between these groups 

284 in the animals that did not develop diabetes by 30 weeks of age. There was evidence of exocrine 

285 tissue loss in the pancreas of mock-vaccinated animals as illustrated by the presence of islets in 

286 fat tissue (Supplementary Fig. 4 e,f), although some exocrine tissue hadhad either remained 

287 healthy or regeneratedor regenerated in these animals (Supplementary Fig. 4 c,d). In contrast, 

288 normal pancreas histology was seen in the untreated and vaccinated groups (Supplementary 

289 Fig. 4 a,b,g,h). Collectively, tThese studies show that a CVB vaccine protects against CVB1-

290 accelerated diabetes in NOD mice.

291

292 Discussion:

293

294 Pre-clinical studies are an important part of initial vaccine efficacy and safety assessments. 

295 These studies serve to identify elements that require further assessment and can also help to 

296 design vaccination schedules. Additionally, These studies may additionallythey may uncover 

297 adverse events including undesired immune reactions that can, for example, lead to, 

298 autoimmune diseases. Such diseases have occurred, albeit rarely, after immunization with other 

299 vaccines (15; 16). Our studies demonstrate that a multivalent CVB vaccine does not accelerate 

300 the onset of diabetes in NOD mice, a commonly used animal model for type 1 diabetes. We 

301 confirmed that early vaccination with this vaccine induces virus neutralizing antibodies and 

Page 33 of 58

For Peer Review Only

Diabetes



13

302 showed that immunity to CVBs is achieved without altering islet inflammation or changing the 

303 average time to diabetes onset. These results are in line with our previous observation that 

304 vaccination of pre-diabetic NOD mice with a monovalent CVB1 vaccine did not increase the 

305 production of insulin autoantibodies (9). This also suggests that inactivation of the viruses 

306 abolishes the diabetogenic properties of the CVBs, which have previously been observed in the 

307 NOD mouse (8-10) and which are suspected in humans (4; 7). 

308

309 Human cohort studies focused on understanding the triggers of type 1 diabetes have produced 

310 results suggesting that CVBs could be critically involved at different stages of the disease. In 

311 the TEDDY and DIPP studies, enterovirus infections were associated with the development of 

312 islet-specific autoantibodies (3-6). In contrast, the DAISY study reported that enterovirus 

313 infections accelerated the speed of progression to overt diabetes in autoantibody positive 

314 individuals (7). Different animal models exist that may replicate how CVBs could contribute 

315 to type 1 diabetes development in humans, as alluded to in the cohort studies. Direct infection 

316 of the beta-cell by CVBs is a possible mechanism through which beta-cell autoimmunity could 

317 be induced. In our previous studies using the SOCS-1-tg mouse model, where the beta-cells are 

318 susceptible to CVB infection leading to diabetes (21; 24), we have shown that CVB vaccines 

319 can prevent virus-induced diabetes (13; 14). It is also possible to mimic virus-acceleration of 

320 an on-going autoimmune process by infecting pre-diabetic NOD mice with CVBs (8-10). In 

321 this study we report for the first time that a CVB vaccine is also capable of preventing virus-

322 mediated acceleration in diabetes onset. Type 1 diabetes appears to be a highly heterogenous 

323 disease and it is feasible that both virus-induced autoimmunity and acceleration in the rate of 

324 diabetes onset in autoantibody-positive individuals after virus infection could occur in different 

325 groups. The ability of CVB vaccines to prevent both forms of virus-mediated diabetes in 
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326 relevant pre-clinical models provides excellent proof-of-concept evidence for the use of such a 

327 vaccine to elucidate the multiple potential roles of CVBs in human type 1 diabetes. 

328

329 Based on the aforementioned studies (amongst others) that suggest enteroviruses may have an 

330 important role in type 1 diabetes and from promising results using the mono- and current 

331 multivalent CVB vaccine in pre-clinical studies (9; 13; 14; 25), the production and clinical 

332 testing of a similar multivalent CVB vaccine was recently initiated (11; 12; 26).  Our previous 

333 work with experimental CVB vaccines demonstrates that such vaccines show strong potential 

334 for use in the prevention of CVB infections and diseases associated with these infections in 

335 humans (13; 14).  We also found that there were no adverse effects on glucose regulation (13) 

336 and no conspicuous infiltration of immune cells in the pancreas (Stone et al. unpublished 

337 observation) in rhesus macaques immunized with the multivalent CVB vaccine. The present 

338 study builds on these foundations by suggesting that this type of vaccine does not alter islet 

339 inflammation or diabetes onset in a preclinical mouse model for autoimmune type 1 diabetes. 

340 In summary, this study provides data that supports the use of an equivalent vaccine in human 

341 clinical trials to establish whether CVBs are involved in type 1 diabetes. Such trials will involve 

342 the immunization of young children with a genetic predisposition for the disease who are yet to 

343 experience a CVB infection. If the involvement of CVBs in type 1 diabetes is confirmed, the 

344 vaccine could provide a viable preventative measuretreatment for this disease.

345
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471 Figure legends:

472

473 Figure 1: CVB1-6 vaccine does not increase pancreatic islet inflammation (insulitis) in 

474 pre-diabetic NOD mice. Female NOD mice (mean age 5.5 weeks, range: 5.1 - 6.3 weeks) were 

475 mock- vaccinated (buffer, n=13) or vaccinated with CVB1-6 vaccine (n=8) by i.s. injection on 

476 three occasions (on days 0, 14 and 28, n=3 or on days 0, 21 and 35, n=5). Mice were followed 

477 until 12 weeks of age (6-8 weeks after the first vaccination). (a) Average virus neutralizing 

478 antibody titers in the serum of CVB1-6 vaccinated mice against the six CVB serotypes on day 

479 41/42 post the first vaccination dose. Sera from mock-vaccinated mice had no virus neutralizing 

480 capacity (data not shown). Shown are the mean neutralizing antibody titers  SD with individual 

481 mice represented by a single symbol. Blue symbols represent neutralizing antibody titer data 

482 that was also published in (13) (b-d) Sections of formalin fixed paraffin embedded pancreas 

483 were scored in a blinded manner for islet immune infiltration as described in the Research 

484 Design and Methods section. (b) Representative images of islets with different scores as 

485 described in the Research Design and Methods and ESM Methods. (c) The total score per 

486 pancreas was divided by the total number of islets scored. Shown are the mean scores  SD 

487 with. Each score from an individual animal is represented by a single symbol; buffer (black 

488 squares; n=13) or CVB1-6 vaccine (black circles; n=8). No statistically significant difference 

489 was found between the groups using an unpaired t test. (d) Data show the percentage of islets 

490 from each mouse that fall into each insulitis category assessed as illustrated in (b). Islets were 

491 scored as intact (0; black circles), peri-insulitis (1; black squares), insulitis (2; black triangles) 

492 or destroyed (3; black diamonds). No statistically significant differences were found between 

493 the groups using two-way ANOVA with Sidak’s multiple comparison test. 

494
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495 Figure 2: Diabetes onset is not altered in NOD mice immunized with a CVB1-6 vaccine. 

496 (a-c) Female NOD mice (mean age 5.7 weeks, range 4.9 - 7.1 weeks) were left untreated (n=10), 

497 mock- vaccinated (n=15) or vaccinated (n=14) with CVB1-6 vaccine by i.s. injection on either 

498 two (days 0 and 21; n=6 for buffer, n=10 for CVB1-6 vaccine) or three (days 0, 21 and 35; n=9 

499 for buffer, n=4 for CVB1-6 vaccine) occasions. (a) Average neutralizing antibody titers in the 

500 serum of CVB1-6 vaccinated mice against the six CVB serotypes on day 42 post the first 

501 vaccination dose. Sera from untreated and mock-vaccinated mice had no neutralizing capacity. 

502 Shown are the mean virus neutralizing antibody titers  SD with individual mice represented 

503 by a single symbol. Blue symbols represent virus neutralizing antibody titer data that was also 

504 published in (13). (b) Cumulative diabetes incidence and (c) average age at diabetes onset in 

505 the three groups. The dotted lines in (b) and (c) show the average age at vaccination. The mean 

506 age at diabetes onset  SD is shown in (c) and the ages at which individual animals developed 

507 diabetes are displayed as single symbols. No statistically significant differences were found 

508 between the groups using Gehan-Breslow-Willcoxon test (b) one-way ANOVA with Tukey’s 

509 multiple comparison test (c).

510
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511 Figure 3: CVB1 vaccine protects against CVB1 accelerated disease in NOD mice. (a,b) Female 

512 NOD mice were left untreated (control; dotted line; n=31) or infected with CVB1 (107 PFU by i.p. 

513 injection, total volume 200l) between 10.5 - 13.5 weeks of age (solid line; n=14) and diabetes 

514 incidence was followed up to 3025 weeks of age. (a) Diabetes incidence curves of the two groups. 

515 The red arrow indicates the mean age at infection. The grey box shows the two-week period after 

516 virus infection, p<0.001 when comparing the diabetes incidence curves during this period by 

517 Gehan-Breslow-Wilcoxon test. The p value, p=0.010305, comes from the comparison of the two 

518 curves up to 3025 weeks of age by Gehan-Breslow-Wilcoxon test. (b) Age at diabetes onset. 

519 Individual mice are represented by a single symbol and the horizontal line shows the mean age at 

520 diabetes onset ± SD. p<0.0001, unpaired t-test. (c-e) Female mice (6.3 – 6.9 weeks old) were left 

521 untreated (n=165), mock- vaccinated with vaccine buffer and infected with CVB1 virus (buffer + 

522 CVB1; n=16) or vaccinated with CVB1 vaccine and infected with CVB1 virus (vaccine + CVB1; 

523 n=12). Vaccinations were performed on days 0, 21 and 35 and the mice were infected with virus 

524 (107 PFU by i.p. injection, total volume 200l) on day 42 (12.3 -12.9 weeks of age). Diabetes 

525 incidence was followed up to 30 weeks of age. (c) Neutralizing antibody titers on days 0 and 42 in 

526 mice vaccinated with the CVB1 vaccine as measured by standard plaque reduction assay. 

527 Neutralizing antibodies were not detected in the buffer treatedmock-vaccinated and untreated 

528 groups (data not shown). Individual mice are represented by a single symbol and the horizontal line 

529 shows the mean neutralizing antibody titer ± SD. p<0.005, unpaired t-test. (d) Diabetes incidence 

530 curves in the untreated (dotted line), buffer + CVB1 (dashed line) and vaccine + CVB1 (solid line) 

531 groups. The black arrows indicate the approximate vaccination ages and the red arrow indicates the 

532 approximate age when the mice were infected. The grey box shows the two-week period after virus 

533 infection, p=0.008 when comparing the diabetes incidence curves by Gehan-Breslow-Wilcoxon 

534 test. (e) Age at diabetes onset. Individual mice are represented by a single symbol and the horizontal 

535 line shows the mean age at diabetes onset ± SD. Groups compared by Kruskal-Wallis test with 
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536 Dunn’s multiple comparison. In brackets are the p values generated when one mouse which was 

537 borderline diabetic from 15 weeks of age but didn’t develop overt diabetes until 25 weeks of age 

538 was excluded (open square; buffer + CVB1), see Supplementary Fig. 3b for the blood glucose 

539 values. (f) Representative images of sequential pancreas sections stained with insulin (top row) and 

540 glucagon (bottom row) from mice that developed diabetes in the untreated (left hand column), mock 

541 vaccinated (buffer) + CVB1 (middle column) and vaccine + CVB1 (right hand column) groups. 

542 Positive areas are stained brown. Scale bars are present in the bottom left-hand corner of each 

543 image. 
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Figure 1: CVB1-6 vaccine does not increase pancreatic islet inflammation (insulitis) in pre-diabetic NOD 
mice. Female NOD mice (mean age 5.5 weeks, range: 5.1 - 6.3 weeks) were mock-vaccinated (buffer, 

n=13) or vaccinated with CVB1-6 vaccine (n=8) by i.s. injection on three occasions (on days 0, 14 and 28, 
n=3 or on days 0, 21 and 35, n=5). Mice were followed until 12 weeks of age (6-8 weeks after the first 

vaccination). (a) Average virus neutralizing antibody titers in the serum of CVB1-6 vaccinated mice against 
the six CVB serotypes on day 41/42 post the first vaccination dose. Sera from mock-vaccinated mice had no 

virus neutralizing capacity (data not shown). Shown are the mean neutralizing antibody titers ± SD with 
individual mice represented by a single symbol. Blue symbols represent neutralizing antibody titer data that 

was also published in (13) (b-d) Sections of formalin fixed paraffin embedded pancreas were scored in a 
blinded manner for islet immune infiltration as described in the Research Design and Methods section. (b) 
Representative images of islets with different scores as described in the Research Design and Methods and 
ESM Methods. (c) The total score per pancreas was divided by the total number of islets scored. Shown are 
the mean scores ± SD with. Each score from an individual animal is represented by a single symbol; buffer 

(black squares; n=13) or CVB1-6 vaccine (black circles; n=8). No statistically significant difference was 
found between the groups using an unpaired t test. (d) Data show the percentage of islets from each mouse 

that fall into each insulitis category assessed as illustrated in (b). Islets were scored as intact (0; black 
circles), peri-insulitis (1; black squares), insulitis (2; black triangles) or destroyed (3; black diamonds). No 

statistically significant differences were found between the groups using two-way ANOVA with Sidak’s 
multiple comparison test. 
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Figure 2: Diabetes onset is not altered in NOD mice immunized with a CVB1-6 vaccine. (a-c) Female NOD 
mice (mean age 5.7 weeks, range 4.9 - 7.1 weeks) were left untreated (n=10), mock-vaccinated (n=15) or 
vaccinated (n=14) with CVB1-6 vaccine by i.s. injection on either two (days 0 and 21; n=6 for buffer, n=10 

for CVB1-6 vaccine) or three (days 0, 21 and 35; n=9 for buffer, n=4 for CVB1-6 vaccine) occasions. (a) 
Average neutralizing antibody titers in the serum of CVB1-6 vaccinated mice against the six CVB serotypes 

on day 42 post the first vaccination dose. Sera from untreated and mock-vaccinated mice had no 
neutralizing capacity. Shown are the mean virus neutralizing antibody titers ± SD with individual mice 

represented by a single symbol. Blue symbols represent virus neutralizing antibody titer data that was also 
published in (13). (b) Cumulative diabetes incidence and (c) average age at diabetes onset in the three 
groups. The dotted lines in (b) and (c) show the average age at vaccination. The mean age at diabetes 

onset ± SD is shown in (c) and the ages at which individual animals developed diabetes are displayed as 
single symbols. No statistically significant differences were found between the groups using Gehan-Breslow-

Willcoxon test (b) one-way ANOVA with Tukey’s multiple comparison test (c). 
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Figure 3: CVB1 vaccine protects against CVB1 accelerated disease in NOD mice. (a,b) Female NOD mice 
were left untreated (control; dotted line; n=31) or infected with CVB1 (107 PFU by i.p. injection, total 

volume 200μl) between 10.5 - 13.5 weeks of age (solid line; n=14) and diabetes incidence was followed up 
to 30 weeks of age. (a) Diabetes incidence curves of the two groups. The red arrow indicates the mean age 
at infection. The grey box shows the two-week period after virus infection, p<0.001 when comparing the 

diabetes incidence curves during this period by Gehan-Breslow-Wilcoxon test. The p value, p=0.0103, 
comes from the comparison of the two curves up to 30 weeks of age by Gehan-Breslow-Wilcoxon test. (b) 

Age at diabetes onset. Individual mice are represented by a single symbol and the horizontal line shows the 
mean age at diabetes onset ± SD. p<0.0001, unpaired t-test. (c-e) Female mice (6.3 – 6.9 weeks old) were 

left untreated (n=16), mock-vaccinated with vaccine buffer and infected with CVB1 virus (buffer + CVB1; 
n=16) or vaccinated with CVB1 vaccine and infected with CVB1 virus (vaccine + CVB1; n=12). Vaccinations 
were performed on days 0, 21 and 35 and the mice were infected with virus (107 PFU by i.p. injection, total 
volume 200μl) on day 42 (12.3 -12.9 weeks of age). Diabetes incidence was followed up to 30 weeks of age. 
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(c) Neutralizing antibody titers on days 0 and 42 in mice vaccinated with the CVB1 vaccine as measured by 
standard plaque reduction assay. Neutralizing antibodies were not detected in the mock-vaccinated and 

untreated groups (data not shown). Individual mice are represented by a single symbol and the horizontal 
line shows the mean neutralizing antibody titer ± SD. p<0.005, unpaired t-test. (d) Diabetes incidence 

curves in the untreated (dotted line), buffer + CVB1 (dashed line) and vaccine + CVB1 (solid line) groups. 
The black arrows indicate the approximate vaccination ages and the red arrow indicates the approximate 
age when the mice were infected. The grey box shows the two-week period after virus infection, p=0.008 

when comparing the diabetes incidence curves by Gehan-Breslow-Wilcoxon test. (e) Age at diabetes onset. 
Individual mice are represented by a single symbol and the horizontal line shows the mean age at diabetes 

onset ± SD. Groups compared by Kruskal-Wallis test with Dunn’s multiple comparison. In brackets are the p 
values generated when one mouse which was borderline diabetic from 15 weeks of age but didn’t develop 
overt diabetes until 25 weeks of age was excluded (open square; buffer + CVB1), see Supplementary Fig. 

3b for the blood glucose values. (f) Representative images of sequential pancreas sections stained with 
insulin (top row) and glucagon (bottom row) from mice that developed diabetes in the untreated (left hand 

column), mock vaccinated (buffer) + CVB1 (middle column) and vaccine + CVB1 (right hand column) 
groups. Positive areas are stained brown. Scale bars are present in the bottom left-hand corner of each 

image. 
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Supplementary Table 1: Reagents and suppliers

REAGENT or RESOURCE SOURCE REFERENCE
Antibodies
Guinea pig anti-insulin 1:20,000 DakoCytomation A0564, N1542
Rabbit anti-Glucagon 1:12000 Abcam EP3070, Ab92517
Goat anti-guinea pig 1:200 Vector Laboratories W0762, BA-7000
Goat anti-rabbit 1:200 Dako E0432

Biological Samples
Formalin fixed paraffin embedded mouse pancreas

Chemicals, Peptides, and Recombinant Proteins
M199 Medium Gibco 11043-023
Carboxymethylcellulose Sigma-Aldrich C5013
Immunohistochemistry PAP pen Dako S2002
Normal Goat Serum (used concentrations 10% and 
2%)

Dako X0907

Elite ABC HRP Detection Kit Vectastain PK-6100
DAB Peroxidase Substrate Kit Vector SK-4100
Hematoxylin Mayer’s Sigma-Aldrich MHS32
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Supplementary Figure 1: CVB1-6 vaccine has no adverse effects on weight or blood 
glucose. Female NOD mice (5.1 - 6.3 weeks old) were mock vaccinated (buffer, n=13) or 
vaccinated with CVB1-6 vaccine (n=8) by interscapular (subcutaneous) injection on three 
occasions (on days 0, 14 and 28, n=3 or on days 0, 21 and 35, n=5). (a, b) Percentage weight 
change from day 0 in buffer treated (left) and CVB1-6 vaccinated mice (right). Shown are the 
mean values  SD. The dotted line indicates the weight prior to the first vaccination on day 0. 
In (b) the weight data has been separated into new data (black lines) and data previously 
published in (1). (c) Blood glucose values for the buffer treated (left) and CVB1-6 vaccinated 
(right) mice from day 0. The dotted line indicates the diabetes threshold. The blue lines were 
previously published in (1).

0 1 2 3 4 5 6
90

100

110

120

130

140

150

Weeks post initial vaccination

W
ei

gh
tc

ha
ng

e
fr

om
da

y
0

(%
)  Buffer

0 1 2 3 4 5 6
90

100

110

120

130

140

150 

Weeks post initial vaccination

W
ei

gh
tc

ha
ng

e
fr

om
da

y
0

(%
)

CVB1-6 vaccine

0 1 2 3 4 5 6
0

5

10

15

20

25

30

Weeks post initial vaccination

B
lo

od
gl

uc
os

e
(m

m
ol

/l)

0 1 2 3 4 5 6
0

5

10

15

20

25

30

Weeks post initial vaccination

B
lo

od
gl

uc
os

e
(m

m
ol

/l)

A B

E F

0 1 2 3 4 5 6
90

100

110

120

130

140

150

Weeks post initial vaccination

W
ei

gh
tc

ha
ng

e
fr

om
da

y
0

(%
)

0 1 2 3 4 5 6
90

100

110

120

130

140

150 

Weeks post initial vaccination

W
ei

gh
tc

ha
ng

e
fr

om
da

y
0

(%
)

C D

Page 49 of 58

For Peer Review Only

Diabetes



4

 

Supplementary Figure 2: CVB1-6 vaccine has no adverse effects on weight or blood 
glucose. Female NOD mice (4.9 - 7.1 weeks old) were left untreated (n=10), mock-vaccinated 
(n=15) or vaccinated (n=14) with CVB1-6 vaccine by interscapular (subcutaneous) injection 
on either two (days 0 and 21; n=6 for buffer, n=10 for CVB1-6 vaccine) or three (days 0, 21 
and 35; n=9 for buffer, n=4 for CVB1-6 vaccine) occasions. (a) Percentage weight change from 
day 0 in untreated, mock-vaccinated (buffer) and CVB1-6 vaccinated mice. Shown are the mean 
values  SD. The dotted line indicates the weight prior to the first vaccination on day 0. (b) 
Blood glucose values for the untreated (b), mock-vaccinated (buffer) (c) and CVB1-6 
vaccinated (d) mice from day 0 post initial vaccination. The dotted line indicates the diabetes 
threshold.
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Supplementary Figure 3: CVB1 vaccine protects against CVB1 accelerated diabetes. 
Female NOD mice were left (a) untreated (dotted lines; n=16; blood glucose levels monitored from 
8 weeks of age), (b) mock-vaccinated with vaccine buffer and infected with CVB1 virus (dashed 
lines; buffer + CVB1; n=16; 6.3 – 6.9 weeks old) or (c) vaccinated with CVB1 vaccine and infected 
with CVB1 virus (solid lines; vaccine + CVB1; n=12; 6.3 – 6.9 weeks old). Vaccinations (buffer 
or vaccine injections) were performed on days 0, 21 and 35 and the mice were infected with virus 
(107 PFU by i.p. injection, total volume 200l) on day 42 (12.3 -12.9 weeks of age). (a-c) Blood 
glucose levels were monitored up to 30 weeks of age. The dotted line indicates the diabetes 
threshold. In (b) the mouse in green was borderline diabetic until 25 weeks of age and excluded 
from some of the statistical analyses performed in Fig. 3e in the main article text. 

6 8 10 12 14 16 18 20 22 24 26 28 30
0

5

10

15

20

25

30

35

Weeks of age

B
lo

od
gl

uc
os

e
(m

m
ol

/l)

6 8 10 12 14 16 18 20 22 24 26 28 30
0

5

10

15

20

25

30

35

Weeks of age

B
lo

od
gl

uc
os

e
(m

m
ol

/l)

6 8 10 12 14 16 18 20 22 24 26 28 30
0

5

10

15

20

25

30

35

Weeks of age

B
lo

od
gl

uc
os

e
(m

m
ol

/l)

A

B

C

Page 51 of 58

For Peer Review Only

Diabetes



6

In
su

lin
G

lu
ca

go
n

Untreated Buffer + CVB1 Vaccine + CVB1Buffer + CVB1

A

B

C

D

E

F

G

H

Supplementary Figure 4: CVB1 vaccine prevents CVB1-mediated exocrine tissue 
destruction. Female NOD mice were left untreated (a, b; n=15; blood glucose levels monitored 
from 8 weeks of age), mock-vaccinated with vaccine buffer and infected with CVB1 virus (c-f; 
buffer + CVB1; n=16; 6.3 – 6.9 weeks old) or vaccinated with CVB1 vaccine and infected with 
CVB1 virus (g, h; vaccine + CVB1; n=12; 6.3 – 6.9 weeks old). Vaccinations (buffer or vaccine 
injections) were performed on days 0, 21 and 35 and the mice were infected with virus (107 PFU 
by i.p. injection, total volume 200l) on day 42 (12.3 -12.9 weeks of age). Mice were followed 
until diabetes onset or 25 weeks of age and at the terminal timepoints pancreas was collected for 
histological analysis. (a-h) Representative images of pancreas histology from mice that did not 
develop diabetes by the terminal endpoint. Sequential sections were stained with insulin (a, c, e, g) 
or glucagon (b, d, f, h) and assessed by light microscopy. The images in c-f come from the same 
mouse and show a part of the exocrine tissue with healthy appearance (c, d) and another part with 
extensive fatty replacement of acinar cells by fat (e, f). Scale bars are shown in the bottom left-hand 
corner of each image.
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Supplementary Table 1: Reagents and suppliers

REAGENT or RESOURCE SOURCE REFERENCE
Antibodies
Guinea pig anti-insulin 1:20,000 DakoCytomation A0564, N1542
Rabbit anti-Glucagon 1:12000 Abcam EP3070, Ab92517
Goat anti-guinea pig 1:200 Vector Laboratories W0762, BA-7000
Goat anti-rabbit 1:200 Dako E0432

Biological Samples
Formalin fixed paraffin embedded mouse pancreas

Chemicals, Peptides, and Recombinant Proteins
M199 Medium Gibco 11043-023
Carboxymethylcellulose Sigma-Aldrich C5013
Immunohistochemistry PAP pen Dako S2002
Normal Goat Serum (used concentrations 10% and 
2%)

Dako X0907

Elite ABC HRP Detection Kit Vectastain PK-6100
DAB Peroxidase Substrate Kit Vector SK-4100
Hematoxylin Mayer’s Sigma-Aldrich MHS32
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Supplementary Figure 1: CVB1-6 vaccine has no adverse effects on weight or blood 
glucose. Female NOD mice (5.1 - 6.3 weeks old) were mock vaccinated (buffer, n=13) or 
vaccinated with CVB1-6 vaccine (n=8) by interscapular (subcutaneous) injection on three 
occasions (on days 0, 14 and 28, n=3 or on days 0, 21 and 35, n=5). (a, b) Percentage weight 
change from day 0 in buffer treated (left) and CVB1-6 vaccinated mice (right). Shown are the 
mean values  SD. The dotted line indicates the weight prior to the first vaccination on day 0. 
In (b) the weight data has been separated into new data (black lines) and data previously 
published in (1). (c) Blood glucose values for the buffer treated (left) and CVB1-6 vaccinated 
(right) mice from day 0. The dotted line indicates the diabetes threshold. The blue lines were 
previously published in (1).
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Supplementary Figure 2: CVB1-6 vaccine has no adverse effects on weight or blood 
glucose. Female NOD mice (4.9 - 7.1 weeks old) were left untreated (n=10), mock- vaccinated 
(n=15) or vaccinated (n=14) with CVB1-6 vaccine by interscapular (subcutaneous) injection 
on either two (days 0 and 21; n=6 for buffer, n=10 for CVB1-6 vaccine) or three (days 0, 21 
and 35; n=9 for buffer, n=4 for CVB1-6 vaccine) occasions. (a) Percentage weight change from 
day 0 in untreated, buffer treatedmock-vaccinated (buffer) and CVB1-6 vaccinated mice. 
Shown are the mean values  SD. The dotted line indicates the weight prior to the first 
vaccination on day 0. (b) Blood glucose values for the untreated (b), mock-vaccinated (buffer) 
treated (c) and CVB1-6 vaccinated (d) mice from day 0 post initial vaccination. The dotted line 
indicates the diabetes threshold.
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Supplementary Figure 3: CVB1 vaccine protects against CVB1 accelerated diabetes. 
Female NOD mice were left (a) untreated (dotted lines; n=165; blood glucose levels monitored 
from 8 weeks of age), (b) mock- vaccinated with vaccine buffer and infected with CVB1 virus 
(dashed lines; buffer + CVB1; n=16; 6.3 – 6.9 weeks old) or (c) vaccinated with CVB1 vaccine and 
infected with CVB1 virus (solid lines; vaccine + CVB1; n=12; 6.3 – 6.9 weeks old). Vaccinations 
(buffer or vaccine injections) were performed on days 0, 21 and 35 and the mice were infected with 
virus (107 PFU by i.p. injection, total volume 200l) on day 42 (12.3 -12.9 weeks of age). (a-c) 
Blood glucose levels were monitored up to 3025 weeks of age. The dotted line indicates the 
diabetes threshold. In (b) the mouse in green was borderline diabetic until 25 weeks of age and 
excluded from some of the statistical analyses performed in Fig. 3e in the main article text. 

6 8 10 12 14 16 18 20 22 24 26 28 30
0

5

10

15

20

25

30

35

Weeks of age

B
lo

od
gl

uc
os

e
(m

m
ol

/l)

6 8 10 12 14 16 18 20 22 24 26 28 30
0

5

10

15

20

25

30

35

Weeks of age

B
lo

od
gl

uc
os

e
(m

m
ol

/l)

6 8 10 12 14 16 18 20 22 24 26 28 30
0

5

10

15

20

25

30

35

Weeks of age

B
lo

od
gl

uc
os

e
(m

m
ol

/l)

A

B

C

Page 58 of 58

For Peer Review Only

Diabetes



7

In
su

lin
G

lu
ca

go
n

Untreated Buffer + CVB1 Vaccine + CVB1Buffer + CVB1

A

B

C

D

E

F

G

H

Supplementary Figure 4: CVB1 vaccine prevents CVB1-mediated exocrine tissue 
destruction. Female NOD mice were left untreated (a, b; n=15; blood glucose levels monitored 
from 8 weeks of age), mock-vaccinated with vaccine buffer and infected with CVB1 virus (c-f; 
buffer + CVB1; n=16; 6.3 – 6.9 weeks old) or vaccinated with CVB1 vaccine and infected with 
CVB1 virus (g, h; vaccine + CVB1; n=12; 6.3 – 6.9 weeks old). Vaccinations (buffer or vaccine 
injections) were performed on days 0, 21 and 35 and the mice were infected with virus (107 PFU 
by i.p. injection, total volume 200l) on day 42 (12.3 -12.9 weeks of age). Mice were followed 
until diabetes onset or 25 weeks of age and at the terminal timepoints pancreas was collected for 
histological analysis. (a-h) Representative images of pancreas histology from mice that did not 
develop diabetes by the terminal endpoint. Sequential sections were stained with insulin (a, c, e, 
g) or glucagon (b, d, f, h) and assessed by light microscopy. The images in c-f come from the 
same mouse and show a part of the exocrine tissue with healthy appearance (c, d) and another part 
with extensive fatty replacement of acinar cells by fat  (e, f). Scale bars are shown in the bottom 
left-hand corner of each image.
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