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Abstract

This study investigated whether children with HLA‐DQ‐conferred risk for type

1 diabetes (T1D) have an altered immune response to the widely‐used

enterovirus vaccine, namely poliovirus vaccine, and whether initiation of

autoimmunity to pancreatic islets modulates this response. Neutralizing

antibodies induced by the inactivated poliovirus vaccine against poliovirus

type 1 (Salk) were analysed as a marker of protective immunity at the age of 18

months in a prospective birth cohort. No differences were observed in antibody

titers between children with and without genetic risk for T1D (odds ratio

[OR] = 0.90 [0.83, 1.06], p = 0.30). In the presence of the genetic risk, no

difference was observed between children with and without islet autoimmunity

(OR = 1.00 [0.78, 1.28], p = 1.00). This did not change when only children with

the autoimmunity before 18 months of age were included in the analyses

(OR = 1.00 [0.85, 1.18], p = 1.00). No effect was observed when groups were

stratified based on autoantigen specificity of the first‐appearing autoantibody

(IAA or GADA). The children in each comparison group were matched for sex,
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calendar year and month of birth, and municipality. Accordingly, we found no

indication that children who are at risk to develop islet autoimmunity would

have a compromised humoral immune response which could have increased

their susceptibility for enterovirus infections. In addition, the proper immune

response supports the idea of testing novel enterovirus vaccines for the

prevention of T1D among these individuals.

K E YWORD S

defective immunity, GADA, IAA, neutralizing antibody, poliovirus type 1, poliovirus vaccine,
type 1 diabetes

1 | INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune condition in which complex

interactions between risk genes and environmental factors are

operative. Among the possible triggering factors, enteroviruses are

currently one of the strongest candidates.1 The genus Enterovirus

consists of 15 species of which seven infect humans, namely

Enterovirus A, B, C, and D and Rhinovirus A, B, and C.2 Enterovirus

A–D classes comprise 116 virus types,2 but extensive research in

different populations has narrowed down the list of potentially

diabetes‐associated enterovirus types. Viruses belonging to Enter-

ovirus B, coxsackie B viruses (CVBs) in particular, have most often

been linked to the initiation of islet autoimmunity in T1D. They were

observed to be associated with the initiation of islet autoimmunity in

large prospective birth cohort studies such as “Environmental

Determinants of Diabetes in the Young (TEDDY)”3 and “Type 1

Diabetes Prediction and Prevention (DIPP)” studies,4–6 supporting

previous observations in cross‐sectional case control studies7,8 and

demonstrated in a recent meta‐analysis.9 CVBs have clear tropism to

the pancreatic islets10 and the strong expression of the major

receptor for these viruses, coxsackie and adenovirus receptor, in

pancreatic β cells compared to other islet cells11 may contribute to

this tropism. The accumulated evidence created the base for the

development of the PRV 101 vaccine, the first vaccine against

CVBs.12 This formalin inactivated multivalent CVB vaccine containing

CVB types 1–5 has recently passed a phase 1 clinical trial showing

that it is immunogenic and induces strong antibody responses against

CVBs.13 The goal is to develop a vaccine which can reduce the risk of

T1D in genetically susceptible children and in addition prevent

several CVB‐induced diseases such as myocarditis, cardiomyopathies,

meningitis, encephalitis and severe systemic infections in infants.14

Prototype CVB vaccines have prevented both CVB infection and

CVB‐induced diabetes and myocarditis in mouse models,15,16

creating a solid basis for human T1D prevention trials. In addition,

it has been shown that the vaccine does not cause diabetes or

pancreas pathology in nonobese diabetic mice.16

Some studies have shown that the antibody response to certain

vaccines, e.g., hepatitis A virus (a virus also in the Picornaviridae

family) and diphtheria toxoid vaccines is impaired in people with

T1D.17 The antibody response to a vaccine against hepatitis B virus

was as well significantly lower in children with T1D compared to

healthy controls.17,18 Other studies also report a defective immune

response in adults with T1D, while only limited data is available after

the disease manifestation in affected children (Reviewed in detail in

Esposito et al.19 and Kesavadev et al.20). Whether this is an inherent

defect in these people to respond to pathogens or merely a function

of their dysglycaemia needs to be further elucidated. In fact, certain

HLA‐genotypes are associated with a poor immune response to virus

vaccines.9,21,22

It has also been implicated that the immune response to natural

CVB infections might be incomplete in children at risk for T1D who

develop early islet autoimmunity against insulin23 whereas children

with T1D or rheumatic diseases have been shown to have antibody

response to poliovirus vaccination similar to the background

population.24 However, these observations are based on small

cohorts and no previous studies have specifically investigated the

immune responses induced by enterovirus vaccines in nondiabetic

children who carry HLA risk genes for T1D (reviewed in detail in Mikk

et al.25).

Knowing that the children with the genetic risk have altered

response to some vaccines discussed earlier, the current study sets

out to answer the question whether the response to an inactivated

enterovirus vaccine, in this case a poliovirus vaccine, differs in

children with genetic risk for T1D compared to children with no such

risk, and whether this is modified by autoimmunity status of the

children with the HLA risk. Poliovirus vaccine is currently the only

licensed enterovirus vaccine and has been widely used since 1950s. A

vaccine against enterovirus 71 has recently been licensed in China

but is not available in other countries.26

Protective immunity against enteroviruses is partially repre-

sented by detecting neutralizing antibodies which can block the

infectivity of the virus, as shown also in animal models.27,28 Such

circulating antibodies are detected at high titers after natural

infections and confer protective immunity against future infections.

They can also be used as markers of the efficacy of the enterovirus

vaccine applied. Therefore, we set out to analyses the levels of

neutralizing antibodies against poliovirus (type) 1 as a representative

of the three poliovirus types which are structurally similar.
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Additionally, the use of poliovirus 2 in research laboratories is

prohibited by World Health Organization (WHO) due to its

eradication.29 All participants had been immunized using a trivalent

formalin‐inactivated whole poliovirus vaccine (IPV, Salk's vaccine,

including polioviruses 1–3). This is a widely administered vaccine on

an enterovirus member which is closest to the targeted coxsack-

ievirus B members used in the new PRV 101 vaccine. Polio and PRV‐

101 vaccines are manufactured using similar technologies.13 PRV 101

vaccine has been tested in a phase 1 clinical trial in Finland and is

designed to be given in the future to infants in multiple doses during

the first year of life. Therefore, we analyzed poliovirus antibodies at

the age of 18 months when the children had already been immunized

at least twice with the poliovirus vaccine.

The neutralizing antibody titers against poliovirus 1 were

quantified in young children who carried T1D‐associated HLA‐DQ

genotypes who developed islet autoimmunity at the time of study or

later. In addition, the antibody levels were also quantified in children

who either shared the same HLA‐conferred risk alleles but without

any autoimmunity to islet autoantigens or the children who carried

protective or neutral HLA alleles for T1D.

The study is based on a longitudinal design making it possible

to study the vaccine response also before islet autoimmunity

starts. In addition, this design allowed us to study two known

endotypes of T1D separately (first appearing autoantibody

against either insulin or the glutamic acid decarboxylase isoform

65, GAD65)30 and compare their neutralizing antibodies to that

of children matched with similar T1D‐related HLA alleles but

without signs of islet autoimmunity.

2 | MATERIALS AND METHODS

2.1 | Study population

The study subjects were recruited from the DIPP study in Finland

which follows children with T1D‐associated HLA‐DQ genotypes until

they either develop T1D or reach 15 years of age.31 The DIPP study

started in November 1994. Autoantibodies to GAD65 (GADA),

insulin (IAA), tyrosine phosphatase‐like protein (islet antigen‐2 [IA‐

2A]), and zinc transporter‐8 (ZnT8A) are detected at regular follow‐up

visits starting at the age of 3 months until the endpoint described

earlier.31 The DIPP study has been approved by the Ethics

Committees of the hospital districts involved in the study. Written

informed consent has been provided by the parent or guardian.

Assent was also given directly by the child where appropriate.

2.2 | Subjects

The participants in the current study (N = 417, 41% girls) were

selected from the DIPP cohort recruited in the Pirkanmaa Hospital

District (Tampere DIPP center) creating the following two sample

series:

2.2.1 | Autoantibody‐negative series

Autoantibody‐negative series (series 1, Table 1) includes citrate

plasma samples taken at the age of 18 months (at a mean age of

18.4 months) from 111 “case” children (51.4% girls) who carried

HLA‐DQ genotypes conferring increased susceptibility to T1D,

including high (N = 36, 50% girls), moderately increased (N = 47,

55.3% girls), and slightly increased (N = 28, 46.4% girls) risk

genotypes and comparable samples from 84 “control” children

(46.4% girls) with HLA‐DQ genotypes that are associated with

neutral risk (N = 40, 47.5% girls), mildly decreased (N = 19, 42.1%

girls), or strongly decreased (N = 25, 48% girls) risk for T1D. The

HLA‐DQ allele combinations that have been used for this risk

classification have been described in detail earlier by Ilonen

et al.32 There was no significant difference in sampling age

between girls and boys. The samples have been stored at −80°C

until used in the study. The case and control children were

individually matched for the calendar year and month of birth, sex

and municipality with 1:1 or 1:2 (case: control) ratios. Children

with no diabetes‐associated HLA‐DQ genotypes were recruited

in the DIPP only during the period 1999–2001. All children in

series 1 remained islet autoantibody negative and nondiabetic by

the time when they were recruited to the study. This allowed us

to assess the effect of the HLA genotypes before any signs of

autoimmunity status had developed in the so called “case”

children.

2.2.2 | HLA risk‐matched series

HLA risk‐matched aeries (series 2, Table 1) similarly includes

citrate plasma samples taken at the age of 18 months (at the

mean age of 18.5 months) from children who were born in

1995–2009 and carried HLA‐DQ genotypes that confer increased

risk for T1D among whom 111 (33.3% girls) had developed

multiple (≥2) biochemical islet autoantibodies, before (N = 43) or

later than (N = 68) 18 months of age, individually matched for sex,

calendar year and month of birth, and the municipality with 111

autoantibody‐negative children. There was no significant differ-

ence in sampling age between girls and boys. The case children in

this set included 54 children who developed IAA as the first

appearing islet autoantibody (26% girls) and 57 children who

developed GADA as the first‐appearing autoantibody (40.3%

girls), representing the two main endotypes of T1D (IAA‐first or

GADA‐first endotypes). Individuals testing positive for multiple

autoantibodies are highly likely to progress to T1D.32–35

The age at seroconversion in the two endotypes was, as

expected, significantly different (p < 0.0001) with the IAA‐first group

testing positive for IAA at an earlier age (mean age of 21 months;

95% confidence interval [CI]: 17.2–24.8 months) than the GADA‐first

group turning positive for GADA (59.8 months; 95% CI: 50.6–69.1

months). Boys and girls did not differ in relation to autoantibody

seroconversion age (40.3 months for boys vs. 42.2 months for girls,
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p = 0.77). This was true for both IAA‐first (22.1 months for boys vs.

17.6 months for girls, p = 0.30) and GADA‐first subtypes (61.6

months for boys vs. 57.2 months for girls, p = 0.64).

Children in both the IAA‐first and in the GADA‐first groups30

have eventually developed multiple islet autoantibody status and 51

of them (46%) developed T1D. Altogether 34 of 54 case children

(63%) in the IAA first and 17 out of 57 children with GADA first

subtypes (30%) had developed T1D by the time they were selected

for the present study. The median age of the diagnosis of T1D was

74.2 (95% CI: 56–92) months in the IAA‐first subtype, significantly

younger compared to the GADA‐first subtype with 117.2 (95% CI:

94–140) months at the diagnosis (p = 0.005).

2.2.3 | Vaccination history

Before year 2005 the national immunization program schedule in

Finland included Inactivated polio vaccine (IPV, brand name Imovax

Polio) injections given at the age of 6 and 12 months followed by

booster injections later than 2 years of age. In 2005, Finland replaced

the IPV with the DTaP‐IPV‐Hib vaccine (5‐in‐1 combination,

diphtheria, tetanus, acellular pertussis, inactivated polio, and haemo-

philus influenzae; Infanrix Penta and other brand names) in the

national immunization program36 to be used at 3, 5, and 12 months of

age, also repeated later after 2 years of age. Only 28 children

participating in our study (all in series 2) were born in 2005 or later

TABLE 1 Sub‐cohorts and each stratum.

Series Status Risk (N#) Sex N#

Sampling age,
months mean
(range)

MAAb age,
months
mean (SE)

Neutralizing titres
mean log(2) (95% CI)

T1D
cases (N)

T1D age,
months
mean (SE)

Series 1a HLA‐risk High risk F 18 18.5 (17.7–19.4) – 9.1 (8.1–10.1) – –

(36) M 18 18.5 (17.5–20.0) – 7.8 (6.2–9.4) – –

Moderate risk F 26 18.5 (18.0–19.7) – 9.5 (8.7–10.4) – –

(47) M 21 18.4 (12.5–24.2) – 8.1 (6.7–9.5) – –

Slightly increased risk F 13 18.4 (16.3–20.3) – 9.0 (7.4–10.5) – –

(28) M 15 18.5 (17.6–19.1) – 6.5 (4.6–8.4) – –

Total F 57 18.5 (16.3–20.3) – 9.3 (8.7–9.8) – –

(111) M 54 18.4 (12.5–24.2) – 7.6 (6.7–8.4) – –

No HLA‐risk Neutral risk F 19 18.6 (18.2–19.8) – 8.7 (7.9–9.6) – –

(40) M 21 18.8 (17.3–24.4) – 7.5 (5.7–9.4) – –

Mildly protective F 8 18.5 (18.3–18.8) – 9.8 (8.7–10.8) – –

(19) M 11 18.5 (18.2–18.9) – 9.6 (8.6–10.7) – –

Strongly protective F 12 18.4 (18.2–18.7) – 9.8 (8.6–11.1) – –

(25) M 13 18.4 (18.1–18.7) – 8.0 (6.6–9.4) – –

Total F 39 18.5 (18.2–19.8) – 9.3 (8.7–9.9) – –

(84) M 45 18.6 (17.3–24.4) – 8.2 (7.2–9.1) – –

Series 2b IAA‐first MAAbc positive (case) F 14 18.4 (12.5–24.2) 18 (2.3) 10 (9.0–11) 8 57 (17)

(54) M 40 18.5 (18.2–19.8) 22 (2.4) 9.3 (8.7–9.9) 26 80 (10)

MAAb negative (control) F 14 18.6 (17.3–24.4) – 10.1 (9.3–11) – –

(54) M 40 18.5 (18.3–18.6) – 9.6 (8.8–10.3) – –

GADA‐first MAAb positive (case) F 23 18.5 (18.2–18.7) 57 (5.9) 9.7 (8.9–10.4) 10 116 (10)

(57) M 34 18.5 (18.3–18.7) 62 (6.7) 10.3 (9.5–11.1) 7 119 (24)

MAAb negative (control) F 23 18.5 (18.3–18.6) – 10 (9.1–10.9) – –

(57) M 34 18.6 (18.4–18.8) – 9.8 (8.9–10.7) – –

Note: The table shows demographic data on study subjects and a summary of the neutralizing titres of the subgroups against polio 1.

Abbreviations: CI, confidence interval; F, female; M, male; N#, number, SE, standard error.
aAutoantibody‐negative series.
bRisk HLA‐matched series.
cMAAb =multiple (≥2) autoantibodies to islet autoantigens.
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and had received three doses of IPV before the age of 18 months,

while 389 children were born earlier and had thus received two doses

of IPV before the age of 18 months. Since children in both series

were matched in comparison sets for the calendar year and month of

birth, they have followed the same vaccination schedule. The sample

taken at the age of 18 months is accordingly taken 6 months after the

last IPV in all children representing an optimal time‐point for the

analysis of vaccine‐induced humoral immunity. None of the children

in the study reported with symptoms of poliomyelitis.

2.3 | Virus and cell lines

Low passaged poliovirus type 1 vaccine strain Sabin (henceforward

called polio 1) was used to identify titres of neutralizing antibodies in

the citrated plasma samples in a mycoplasma‐free African Green

Monkey Kidney cell line. Both the virus and cell line were received

from the Finnish Institute for Health and Welfare, Helsinki, Finland.

Neutralizing hyperimmune monkey serum against polio 1 was

originally provided by the National Bacteriological Laboratory,

Stockholm, Sweden. It contained a high titre of neutralizing

antibodies (1:12 000) against polio 1.

2.4 | Antibody response

Neutralizing antibodies against polio 1 were quantified using a standard

plaque reduction assay.6 The poliovirus vaccine included all three

poliovirus serotypes, but neutralizing antibodies are type specific. Hence

it was possible to analyse the response only to polio 1. Samples with at

least an 80% reduction in the number of virus plaques compared to the

control tests infected with untreated virus were considered positive. The

end‐point titre of the neutralizing antibodies in plasma was identified by

applying fourfold dilution series of individual plasma samples, starting

from 1:4, to approximately 100 plaque forming units of polio 1. The virus

induced CPE in form of plaques was visualized using formaldehyde‐

crystal violet solution and the number of plaques in each test was

quantified visually. The highest plasma dilution blocking ≥80% of viral

infectivity was taken as the end‐point titre for neutralizing antibodies.

Antibody titres ranging from 4 to 16 are generally considered as

protective against poliovirus infection37 depending on the technique

used. We set titre 4 as the cut off for antibody positivity since we had

used more virus particles and a higher limit for blocking infectivity (80% or

more reduction in plaques) compared to the protocol recommended by

theWHO which uses microneutralization and 50% blockage of the virus

infectivity.38 Each sample was tested once, and positive and negative

control sera were included in each test run.

2.5 | Statistical analysis

The sets of matched children in both series were analysed using

conditional logistic regression39 test to compare the titres of

neutralizing antibodies. In this analysis, antibody titre was used as a

covariate to compare the immune status of the children matched in

the sets. Neutralizing antibody titers are expressed as log2 of dilution

identified as the endpoint titer. The odds ratio (OR), 95% confidence

interval (95% CI), and the p value are presented for this type of

comparison. The mean of the titres was compared across the groups

using the analysis of variance (ANOVA) test. The significance level

was set to 95%. In the autoantibody‐negative series (series 1) some

children with no HLA‐conferred risk for T1D were reused as a

matched comparison for another child carrying an HLA genotype

conferring increased risk for T1D.39

3 | RESULTS

Participants in the autoantibody‐negative series (series 1) consisted

of 111 children with HLA risk alleles for T1D who had no

autoimmunity to islet autoantigens (assigned to cases) and 84

children with no such HLA conferred risk and no autoimmunity

(assigned to controls). Participants in HLA risk‐matched series (series

2) consisted of 222 children who all had HLA‐conferred risk to T1D,

half of whom had autoimmunity to islet autoantigens (assigned to

cases) while the other half did not have autoimmunity (assigned to

controls).

The antibody titers in whole study population varied considera-

bly ranging from log(2) titer = 1–16 (with a mean titer 9.2, SD 2.53).

This translates to a titer ranging from 2 to 65536 as the reciprocal of

the dilution factor used to analyse the titers (Figure 1). Only one child

from series 1, despite a history of receiving two doses of IPV

according to the standard schedule, had no neutralizing antibodies

against polio 1 (titer 2, Figure 1). Sixteen children (all in series 1) had

low neutralizing antibody levels (titer 4) out of whom only one

subject was female and 10 had increased risk of diabetes (based on

the HLA genotyping). Only 28 children (all in series 2) were born in

2005 onwards and received three doses of the polio vaccine since

the vaccination schedule in Finland was revised in 2005. The mean

titers of neutralizing antibodies did not significantly differ between

children with three versus two vaccine doses (mean log(2) titer 9.4 vs.

9.2, respectively, p = 0.64).

Polio 1 antibody levels did not differ between case and control

children in either of the series 1 and 2 (Figure 2). In series 1, neutralizing

antibody titers against polio 1 were similar in children with HLA‐conferred

risk and in matched children with no HLA risk (OR=0.90 [95% CI: 0.83,

1.06], p=0.30). The mean log(2) titers were 8.4 and 8.7 (ANOVA,

p=0.52), respectively. Titers of the neutralizing antibodies in six different

HLA sub‐groups in series 1 are presented in Figure 3C.

In series 2, polio 1 neutralizing titers were similar in children with

islet autoantibodies and matched children without signs of islet

autoimmunity (OR = 1.00 [95% CI: 0.85, 1.18], p = 1.00; Figure 2)

having the same mean in both groups (log(2) titer 9.8; Figure 3A).

Series 2 was also stratified into IAA first and GADA‐first endotypes,

and the neutralizing titers against polio 1 showed no difference

between the matched sets (with and without autoantibodies) in either
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of the groups (OR = 0.95 [95% CI: 0.76, 1.19], p = 0.65 for the IAA‐

first group and OR = 1.07 [95% CI: 0.83, 1.38], p = 0.61 for the

GADA‐first group; Figure 2). The mean log(2) titers were 9.6 versus

9.7 in the IAA‐first group (ANOVA, p = 0.7) and 10.0 versus 9.9 in the

GADA first group (ANOVA, p = 0.7) in cases against controls

(Figure 3A). Altering the positivity cut off for neutralizing titers from

4 to 6, 8, 10, and 12 did not result in any significant differences

between the matched children in any of the series using conditional

logistic regression analysis (data not shown).

In series 2, 45 children developed islet autoantibodies before the

time of sampling (6 of 57 children with GADA‐first status and 39 of

54 children with IAA‐first status). To investigate the possible effects

of the autoimmunity process on the immune response to the vaccine

we compared neutralizing antibody titers of case children (N = 45)

with developed autoimmunity before the age of 18 months (578

days) to their matched controls. Neutralizing antibodies against polio

1 (log(2)) did not differ between these case children and the matched

control children (OR = 1 [95% CI: 0.78, 1.28], p = 1; Figure 2). The

mean log(2) titers were 9.69 versus 9.64, in cases compared to

controls, respectively (ANOVA, p = 0.92). Similar results were shown

for the children (N = 62) who turned autoantibody positive after the

age of 18 months (OR = 0.99 [95% CI: 0.79, 1.24], p = 0.91; Figure 2).

The mean log(2) titers were 9.88 versus 9.91, in cases compared to

controls, respectively (ANOVA, p = 0.93). Stratifying by IAA first and

GADA first did not change this result (data not shown).

Girls had slightly higher neutralizing antibody titers compared to

boys in the whole cohort. The mean polio 1 neutralizing antibody titer

in girls was 9.6 compared to 9.0 in boys, ANOVA, p = 0.023. This

difference was most conspicuous in children with HLA‐conferred risk

in series 1 (girls 9.3 vs. boys 7.6, ANOVA, p = 0.001, Table 2, see also

Figure 3B).

4 | DISCUSSION

The current study shows that children who are genetically at risk for

progression to T1D mount a proper antibody response to an

inactivated poliovirus vaccine. Their vaccine response was compara-

ble to children who lacked T1D‐associated HLA‐DQ risk alleles. In

addition, children who developed islet autoimmunity or T1D

responded to the vaccine similarly to autoantibody‐negative peers.

Dysglycaemia, caused by diabetes, is known to dim the immune

system at some level for example against hepatitis B virus vaccine

where only 45% of the children withT1D responded.40 However, we

did not identify any poor neutralizing antibody response to polio 1

vaccine in children at risk of T1D when they were analysed before

developingT1D. This suggests that the previously described impaired

vaccine responses in patients with T1D to some other vaccines e.g.,

hepatitis A vaccine41 can be linked to metabolic disturbances that

might have affected the functions of their immune system.

Since poliovirus is structurally similar to other enteroviruses, it is

highly likely that also other enterovirus vaccines would induce a

protective antibody response in children at increased HLA‐conferred

risk for T1D. This is an important message for the ongoing

development of the new multivalent CVB vaccine, PRV‐101,13 since

one of its intended indications is to prevent potentially diabetes

associated CVB infections in genetically susceptible children. PRV‐

F IGURE 1 Distribution of the neutralizing antibody titres against
polio 1 in all participants in the study. The titres are the reciprocal of
the dilution factor used to dilute the plasma samples which prevents
≥80% of the plaques generated by the virus. The log(2) transformed
titres are also presented to compare the titre values. The standard
curve is shown to indicate how much the observed distribution
deviates from a normal distribution. The arrow depicts the cut‐off
limit for positivity. The number of subjects is shown for each titre
category.

F IGURE 2 Forest plot representation of the odds ratios of
differences between cases and controls in different series and sub
series in neutralization titers against polio 1. Conditional logistic
regression analysis was carried out to compare matched case‐control
series. Cases and controls in series 1 and 2 have been compared for
the titers of neutralizing antibodies against polio 1. In Series 1
children with no islet autoimmunity were compared based on HLA
risk‐no risk criteria. In series 2 the children with the same HLA risk
were compared by the presence and absence of the autoimmunity to
beta cells. Children in series 2 were grouped based on IAA or GADA
as the first appearing autoimmunity or when grouped based on
autoimmunity before 18 months or after that.
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101 is produced based on the same technology as the poliovirus

vaccine that was used in the participants in the current study—both

including highly purified enteroviruses inactivated by formalin.

Nevertheless, theoretically it is still possible that subtle structural

differences between different enterovirus types could have some

influence and the results of the present study are not necessarily

applicable for all inactivated vaccines within the genus Enterovirus.

The antibody response to polio 1 vaccine was equally good in

children whose autoimmune process started by the appearance of

either IAA or GADA as the first appearing autoantibody. These two

autoantibody patterns are associated with different risk genes for

T1D,30 and it has been implicated that they represent two different

endotypes of T1D potentially with different etiopathogenesis42 In

fact, a recent study suggested that the IAA‐associated subtype was

linked to CVB1 infections.6 Thus, it is important that enterovirus

vaccine can induce robust antibody response also in this subgroup of

children.

Another key point relates to the previous findings showing that a

prolonged course of enterovirus infections is associated with an

increased risk of islet autoimmunity.3 The reason to this is not known

but possible weaknesses in the enterovirus‐specific immune response

is one possibility. Such a weakness might explain prolonged shedding

of the virus in these children, since immune deficiencies are known to

predispose to prolonged and even chronic enterovirus infections.43 In

fact, previous observations suggested that the antibody response to

enterovirus infections may be weak in children who develop early

islet autoimmunity, particularly in young children with insulin

autoantibodies.23,41 That study23 analysed antibodies against struc-

tural proteins of CVBs in a sample taken from islet autoantibody

positive and negative children using an immunoprecipitation assay.

Antibodies against VP1 protein were at low levels in insulin

autoantibody positive children while no such difference was seen in

antibodies against other virus proteins. This contrasts with the

present study where no such weakness was seen in polio 1

antibodies in the IAA‐first subgroup. Thus, even though the

vaccine‐induced response was normal in the present study it is

possible that insulin autoantibody positive children could mount

abnormally low antibody response to natural enterovirus infections.

On the other hand, the study by Ashton et al.23 did not use

neutralizing antibodies in this comparison and therefore

F IGURE 3 Distribution of polio 1 neutralizing antibody titres in two series and in the subgroups. Polio 1 neutralizing antibody titres are
presented as log(2) neutralizing antibody titres in all panels. The thick lines and the error bars represent the mean and standard error of the mean,
the dots represent the actual neutralizing titres of the study subjects. (A) Represents the distribution of anti‐polio 1 titres in series 1
(autoantibody‐negative series, 111 children with HLA conferred risk genotypes and 84 children with no HLA risk), series 2 (HLA risk‐matched
series, 111 pairs of children with or without multiple [≥2] autoantibodies [MAAb] to islet autoantigens), and sub phenotypes of series 2 (IAA‐first,
54 pairs of children; and GADA‐first, 57 pairs of children) compared by the presence of islet multiple autoantibodies in each group. The titres are
presented as log(2) neutralizing antibody titres measured using a standard virus plaque neutralization assay. (B) Represents polio 1 neutralizing
antibody titres in girls and boys in series 1 (96 girls and 99 boys) and series 2 (74 girls and 148 boys) separately and combined (170 girls and 247
boys). (C) Represents the distribution of Log(2) neutralizing antibody titres against polio 1 in series 1. HLA risk subgroups are shown as a gradient
risk from High (N = 44), Moderately increased (N = 57), to Slightly increased (N = 41) risk groups; and the comparison group with a gradient of
protective effect from Neutral (N = 44), Mild protective (N = 21), to Strong protective (N = 26). pro., protective.
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cross‐reactions between different enterovirus serotypes could have

caused uncontrolled variation in their immunoprecipitation assay.

Even though the present study was primarily designed to study

antibody response to enterovirus vaccinations but not the infections,

the results may also help to understand the nature of enterovirus

antibody immunity in diabetes‐prone children more broadly. From

this point of view the main advantage of the current study is that

poliovirus vaccinations represent a standardized exposure to enter-

ovirus antigens. This makes it possible to compare immune responses

between children with HLA‐conferred risk of T1D to children without

the HLA risk as well as comparison between children with and

without islet autoimmunity. However, we must acknowledge that the

immune response to natural enterovirus infections can be regulated

differently compared to that to an inactivated vaccine. In addition, we

did not study cell‐mediated or innate immune responses. In any case,

bearing these limitations in mind, the current findings do not support

the hypothesis that prolonged enterovirus infections could be due to

an impaired antibody response in children with increased susceptibil-

ity to T1D.

It is important to note that due to the age of sampling at 18

months of age, maternal antibodies were not present to intervene

with the quantification of the neutralizing antibodies against polio 1.

In conclusion, our study suggests that the children at risk for

developingT1D do not have any inherited weakness in their ability to

mount protective immunity in the form of neutralizing antibodies in

response to a formalin‐inactivated enterovirus vaccine. Therefore,

the results support the idea of testing the efficacy of vaccines that

target T1D‐associated enteroviruses for primary prevention of T1D.

AUTHOR CONTRIBUTIONS

Amir‐Babak Sioofy‐Khojine: designed the study, performed the

analysis, researched the data, and wrote the manuscript. Amir‐

Babak Sioofy‐Khojine: have access to the data and taking responsi-

bility for the contents of the article. Jussi P. Lehtonen, Noora

Nurminen, and Jutta E. Laiho: researched the data and reviewed/

edited manuscript. Johanna Lempainen researched the HLA typing.

Johanna Lempainen, Jorma Ilonen, Riitta Veijola, and Jorma Toppari:

reviewed/edited the manuscript. Heikki Hyöty and Mikael Knip:

designed the study and reviewed/edited the manuscript. All authors

agreed to the final manuscript version.

ACKNOWLEDGMENTS

The authors wish to thank Mervi Kekäläinen, Eveliina Paloniemi,

Maria Ovaskainen, and Minta Lumme for their excellent technical

assistance. The study was approved by the ethics committees of the

participating university hospital, and the parents gave their written

informed consent to the participation in the study.

This study was funded by—The Leona M. and Harry B. Helmsley

Charitable Trust (Heikki Hyöty; Grant No. 2010‐04139), the Academy of

Finland (Heikki Hyöty; Grant No. 288671), Sigrid Juselius Foundation

(Heikki Hyöty), Novo Nordisk Foundation (Heikki Hyöty; Grant No.

NNF18OC0034080), Reino Lahtikari Foundation (Heikki Hyöty), Päivikki

and Sakari Sohlberg's Foundation grant (Jutta E. Laiho), and the European

Commission (Heikki Hyöty; Persistent Virus Infection in Diabetes

Network [PEVNET] Frame Program 7, Contract No. 261441). DIPP

study has additionally been funded by the Competitive Research Funding

of the University Hospitals in Tampere, Oulu and Turku.

CONFLICT OF INTEREST STATEMENT

Heikki Hyöty and Mikael Knip are minor shareholders and members

of the board of Vactech Ltd., which develops vaccines against

picornaviruses. The other authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on

request from the corresponding author upon reasonable request. The

data are not publicly available due to privacy or ethical restrictions.

ORCID

Amir‐Babak Sioofy‐Khojine http://orcid.org/0000-0001-

5538-5153

REFERENCES

1. Hyoty H. Viruses in T1D. Pediatr Diabetes. 2016;17(suppl 22):56‐64.
doi:10.1111/pedi.12370

TABLE 2 Effect of sex.

Subset Subgroups MAAb status Girls Boys p value

Series 1a All Negative 9.3 7.8 <0.001

HLA‐risk (case)b Negative 9.2 7.6 0.001

No HLA‐risk
(control)c

Negative 9.2 8.2 0.061

Series 2d All Positive/
negative

9.9 9.7 0.566

Positive (case) 9.8 9.8 0.947

Negative
(control)

10.1 9.7 0.411

IAA‐first Positive/
negative

10.1 9.5 0.186

Positive (case) 10 9.4 0.321

Negative
(control)

10.1 9.6 0.386

GADA‐first Total 9.8 10.1 0.586

Positive (case) 9.7 10.3 0.258

Negative
(control)

10 9.8 0.786

All All Positive/
negative

9.6 9.0 0.023

Note: Neutralizing antibody titres against polio 1 in different study groups

stratified according to sex presented as log(2) of the titres.
aAutoantibody‐negative series.
bSlightly/moderately/highly increased HLA risk of T1D.
cNeutral or mildly/strongly protective HLA alleles for T1D.
dRisk HLA‐matched series.

8 of 10 | SIOOFY‐KHOJINE ET AL.

 10969071, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

v.28707 by U
niversity of T

urku, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://orcid.org/0000-0001-5538-5153
http://orcid.org/0000-0001-5538-5153
https://doi.org/10.1111/pedi.12370


2. Simmonds P, Gorbalenya AE, Harvala H, et al. Correction to:
recommendations for the nomenclature of enteroviruses and
rhinoviruses. Arch Virol. 2020;165(6):1515. doi:10.1007/s00705-
020-04558-x

3. Vehik K, Lynch KF, Wong MC, et al. Prospective virome analyses in
young children at increased genetic risk for type 1 diabetes. Nature
Med. 2019;25(12):1865‐1872. doi:10.1038/s41591-019-0667-0

4. Honkanen H, Oikarinen S, Nurminen N, et al. Detection of
enteroviruses in stools precedes islet autoimmunity by several

months: possible evidence for slowly operating mechanisms in virus‐
induced autoimmunity. Diabetologia. 2017;60(3):424‐431. doi:10.
1007/s00125-016-4177-z

5. Laitinen OH, Honkanen H, Pakkanen O, et al. Coxsackievirus B1
is associated with induction of β‐cell autoimmunity that

portends type 1 diabetes. Diabetes. 2014;63(2):446‐455.
doi:10.2337/db13-0619

6. Sioofy‐Khojine AB, Lehtonen J, Nurminen N, et al. Coxsackievirus
B1 infections are associated with the initiation of insulin‐driven
autoimmunity that progresses to type 1 diabetes. Diabetologia.

2018;61(5):1193‐1202. doi:10.1007/s00125-018-4561-y
7. Clements GB, Galbraith DN, Taylor KW. Coxsackie B virus infection

and onset of childhood diabetes. The Lancet. 1995;346(8969):
221‐223. doi:10.1016/s0140-6736(95)91270-3

8. Oikarinen S, Tauriainen S, Hober D, et al. Virus antibody survey in
different European populations indicates risk association between
coxsackievirus B1 and type 1 diabetes. Diabetes. 2014;63(2):
655‐662. doi:10.2337/db13-0620

9. Wang K, Ye F, Chen Y, et al. Association between enterovirus

infection and type 1 diabetes risk: a meta‐analysis of 38 case‐control
studies. Front Endocrinol. 2021;12:706964. doi:10.3389/fendo.
2021.706964

10. Jenson AB, Rosenberg HS, Notkins AL. Pancreatic islet‐cell damage
in children with fatal viral infections. Lancet (London, England).

1980;2(8190):354‐358.
11. Ifie E, Russell MA, Dhayal S, et al. Unexpected subcellular

distribution of a specific isoform of the coxsackie and adenovirus
receptor, CAR‐SIV, in human pancreatic beta cells. Diabetologia.
2018;61(11):2344‐2355. doi:10.1007/s00125-018-4704-1

12. Hyöty H, Leon F, Knip M. Developing a vaccine for type 1 diabetes
by targeting coxsackievirus B. Expert Rev Vaccines. 2018;17(12):
1071‐1083. doi:10.1080/14760584.2018.1548281

13. Provention Bio, Inc. (2021) A phase 1, first‐in‐human, randomized,

double‐blind, placebo‐controlled, multiple‐dose‐escalation study to
evaluate the safety, tolerability, and immunogenicity of PRV‐101, a
Coxsackie virus B (CVB) vaccine, in healthy adult subjects
clinicaltrials.gov

14. Pallansch MA. Coxsackievirus B epidemiology and public health

concerns. In: Tracy S, Chapman NM, Mahy BWJ, (eds.), The

Coxsackie B Viruses. Springer; 1997:pp 13‐30.
15. Stone VM, Hankaniemi MM, Laitinen OH, et al. A hexavalent

coxsackievirus B vaccine is highly immunogenic and has a strong
protective capacity in mice and nonhuman primates. Sci Adv.

2020;6(19):eaaz2433. doi:10.1126/sciadv.aaz2433
16. Stone VM, Butrym M, Hankaniemi MM, et al. Coxsackievirus B

vaccines prevent infection‐accelerated diabetes in NOD mice and
have no disease‐inducing effect. Diabetes. 2021;70(12):2871‐2878.

17. Leonardi S, Vitaliti G, Garozzo MT, Miraglia del Giudice M,

Marseglia G, La Rosa M. Hepatitis B vaccination failure in children
with diabetes mellitus? The debate continues. Hum Vaccines

Immunother. 2012;8(4):448‐452. doi:10.4161/hv.19107
18. Zanoni G, Contreas G, Valletta E, Gabrielli O, Mengoli C, Veneri D.

Normal or defective immune response to hepatitis B vaccine in
patients with diabetes and celiac disease. Hum Vaccines Immunother.
2014;11(1):58‐62. doi:10.4161/hv.34309

19. Esposito S, Mariotti Zani E, Torelli L, et al. Childhood vaccinations
and type 1 diabetes. Front Immunol. 2021;12:667889. doi:10.3389/
fimmu.2021.667889

20. Kesavadev J, Misra A, Das A, et al. Suggested use of vaccines in

diabetes. Indian J Endocrinol Metab. 2012;16(6):886‐893. doi:10.
4103/2230-8210.102982

21. Li Z‐K, Nie J‐J, Li J, Zhuang H. The effect of HLA on immunological
response to hepatitis B vaccine in healthy people: a meta‐analysis.
Vaccine. 2013;31(40):4355‐4361. doi:10.1016/j.vaccine.2013.06.108

22. Posteraro B, Pastorino R, Di Giannantonio P, et al. The link between
genetic variation and variability in vaccine responses: systematic
review and meta‐analyses. Vaccine. 2014;32(15):1661‐1669. doi:10.
1016/j.vaccine.2014.01.057

23. Ashton MP, Eugster A, Walther D, et al. Incomplete immune

response to coxsackie B viruses associates with early autoimmunity
against insulin. Sci Rep. 2016;6:32899. doi:10.1038/srep32899

24. Tarasova AA, Kniagina ON, Kalashnikova NA, Kostinov MP,
Erukhimov VL. Immunity to poliovirus after vaccination of children
with T1D mellitus and rheumatic diseases. Zh Mikrobiol Epidemiol

Immunobiol. 2009;(5):52‐56.
25. Mikk M‐L, Kiviniemi M, Laine A‐P, et al. The HLA‐B*39 allele

increases type 1 diabetes risk conferred by HLA‐DRB1*04:04‐
DQB1*03:02 and HLA‐DRB1*08‐DQB1*04 class II haplotypes. Hum

Immunol. 2014;75(1):65‐70. doi:10.1016/j.humimm.2013.09.008
26. WHO Enterovirus 71. https://www.who.int/teams/health-product-

policy-and-standards/standards-and-specifications/vaccine-
standardization/enterovirus-71 Accessed 12 Sep 2022

27. Kouiavskaia D, Chen Z, Dragunsky E, Mirochnitchenko O, Purcell R,

Chumakov K. A single chimpanzee‐human neutralizing monoclonal
antibody provides post‐exposure protection against type 1 and type 2
polioviruses. J Clin Virol. 2015;65:32‐37. doi:10.1016/j.jcv.2015.01.023

28. Larsson PG, Lakshmikanth T, Laitinen OH, et al. A preclinical study
on the efficacy and safety of a new vaccine against coxsackievirus

B1 reveals no risk for accelerated diabetes development in mouse
models. Diabetologia. 2015;58:346‐354. doi:10.1007/s00125-014-
3436-0

29. WHO, Protocol for notification, risk assessment, and response following
detection of poliovirus type 2 following globally‐coordinated cessation of

serotype 2‐containing oral polio vaccine (2015), https://apps.who.int/
gb/ebwha/pdf_files/WHA71/A71_R16-en.pdf

30. Krischer JP, Lynch KF, Schatz DA, et al. The 6 year incidence of
diabetes‐associated autoantibodies in genetically at‐risk children:

the TEDDY study. Diabetologia. 2015;58(5):980‐987. doi:10.1007/
s00125-015-3514-y

31. Näntö‐Salonen K, Kupila A, Simell S, et al. Nasal insulin to prevent
type 1 diabetes in children with HLA genotypes and autoantibodies
conferring increased risk of disease: a double‐blind, randomised

controlled trial. The Lancet. 2008;372(9651):1746‐1755. doi:10.
1016/S0140-6736(08)61309-4

32. Ilonen J, Kiviniemi M, Lempainen J, et al. Genetic susceptibility to
type 1 diabetes in childhood ‐ estimation of HLA class II associated
disease risk and class II effect in various phases of islet

autoimmunity: HLA class II effects in T1D. Pediatr Diabetes.
2016;17(suppl 22):8‐16. doi:10.1111/pedi.12327

33. Gardner SG, Gale EA, Williams AJ, et al. Progression to diabetes in
relatives with islet autoantibodies. Is it inevitable? Diabetes Care.
1999;22(12):2049‐2054. doi:10.2337/diacare.22.12.2049

34. Ng K, Stavropoulos H, Anand V, et al. Islet autoantibody type‐
specific titer thresholds improve stratification of risk of progression
to type 1 diabetes in children. Diabetes Care. 2022;45(1):160‐168.
doi:10.2337/dc21-0878

35. Ziegler AG, Rewers M, Simell O, et al. Seroconversion to multiple
islet autoantibodies and risk of progression to diabetes in children.
JAMA. 2013;309(23):2473‐2479. doi:10.1001/jama.2013.6285

SIOOFY‐KHOJINE ET AL. | 9 of 10

 10969071, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

v.28707 by U
niversity of T

urku, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s00705-020-04558-x
https://doi.org/10.1007/s00705-020-04558-x
https://doi.org/10.1038/s41591-019-0667-0
https://doi.org/10.1007/s00125-016-4177-z
https://doi.org/10.1007/s00125-016-4177-z
https://doi.org/10.2337/db13-0619
https://doi.org/10.1007/s00125-018-4561-y
https://doi.org/10.1016/s0140-6736(95)91270-3
https://doi.org/10.2337/db13-0620
https://doi.org/10.3389/fendo.2021.706964
https://doi.org/10.3389/fendo.2021.706964
https://doi.org/10.1007/s00125-018-4704-1
https://doi.org/10.1080/14760584.2018.1548281
https://doi.org/10.1126/sciadv.aaz2433
https://doi.org/10.4161/hv.19107
https://doi.org/10.4161/hv.34309
https://doi.org/10.3389/fimmu.2021.667889
https://doi.org/10.3389/fimmu.2021.667889
https://doi.org/10.4103/2230-8210.102982
https://doi.org/10.4103/2230-8210.102982
https://doi.org/10.1016/j.vaccine.2013.06.108
https://doi.org/10.1016/j.vaccine.2014.01.057
https://doi.org/10.1016/j.vaccine.2014.01.057
https://doi.org/10.1038/srep32899
https://doi.org/10.1016/j.humimm.2013.09.008
https://www.who.int/teams/health-product-policy-and-standards/standards-and-specifications/vaccine-standardization/enterovirus-71
https://www.who.int/teams/health-product-policy-and-standards/standards-and-specifications/vaccine-standardization/enterovirus-71
https://www.who.int/teams/health-product-policy-and-standards/standards-and-specifications/vaccine-standardization/enterovirus-71
https://doi.org/10.1016/j.jcv.2015.01.023
https://doi.org/10.1007/s00125-014-3436-0
https://doi.org/10.1007/s00125-014-3436-0
https://apps.who.int/gb/ebwha/pdf_files/WHA71/A71_R16-en.pdf
https://apps.who.int/gb/ebwha/pdf_files/WHA71/A71_R16-en.pdf
https://doi.org/10.1007/s00125-015-3514-y
https://doi.org/10.1007/s00125-015-3514-y
https://doi.org/10.1016/S0140-6736(08)61309-4
https://doi.org/10.1016/S0140-6736(08)61309-4
https://doi.org/10.1111/pedi.12327
https://doi.org/10.2337/diacare.22.12.2049
https://doi.org/10.2337/dc21-0878
https://doi.org/10.1001/jama.2013.6285


36. Rapola S. National immunization program in Finland. Int

J Circumpolar Health. 2007;66(5):382‐389. doi:10.3402/ijch.v66i5.
18310

37. Nathanson N. David Bodian's contribution to the development of

poliovirus vaccine. Am J Epidemiol. 2005;161(3):207‐212.
38. WHO Expanded Programme on Immunization. Guidelines for WHO/

EPI collaborative studies on poliomyelitis: standard procedure for

determining immunity to poliovirus using the microneutralization test.
World Health Organization; 1993.

39. Kuo C‐L, Duan Y, Grady J. Unconditional or conditional logistic
regression model for age‐matched case–control data? Front Public

Health. 2018;6:57. doi:10.3389/fpubh.2018.00057
40. Silvestri F, Tromba V, Mazzotta I, Costantino F. How diabetes type 1

affects immune response to hepatitis B virus vaccine in pediatric

population? Evaluation of a booster dose in unresponsive subjects
with type 1 diabetes. Minerva Pediatrics. 2019; Nov 11. doi:10.
23736/S0026-4946.19.05678-0

41. Eibl N, Spatz M, Fischer GF, et al. Impaired primary immune
response in type‐1 diabetes: results from a controlled vaccination

study. Clinical immunology (Orlando, Fla.). 2002;103(3 Pt 1):249‐259.
doi:10.1006/clim.2002.5220

42. Battaglia M, Ahmed S, Anderson MS, et al. Introducing the
endotype concept to address the challenge of disease heteroge-

neity in type 1 diabetes. Diabetes Care. 2020;43(1):5‐12. doi:10.
2337/dc19-0880

43. Morse ZJ, Horwitz MS. Virus infection is an instigator of intestinal
dysbiosis leading to type 1 diabetes. Front Immunol. 2021;12:
751337. doi:10.3389/fimmu.2021.751337

How to cite this article: Sioofy‐Khojine A‐B, Lehtonen JP,

Nurminen N, et al. HLA‐DQ‐conferred risk for type 1 diabetes

does not alter neutralizing antibody response to a widely used

enterovirus vaccine, the poliovirus vaccine. J Med Virol.

2023;95:e28707. doi:10.1002/jmv.28707

10 of 10 | SIOOFY‐KHOJINE ET AL.

 10969071, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

v.28707 by U
niversity of T

urku, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3402/ijch.v66i5.18310
https://doi.org/10.3402/ijch.v66i5.18310
https://doi.org/10.3389/fpubh.2018.00057
https://doi.org/10.23736/S0026-4946.19.05678-0
https://doi.org/10.23736/S0026-4946.19.05678-0
https://doi.org/10.1006/clim.2002.5220
https://doi.org/10.2337/dc19-0880
https://doi.org/10.2337/dc19-0880
https://doi.org/10.3389/fimmu.2021.751337
https://doi.org/10.1002/jmv.28707

	HLA-DQ-conferred risk for type 1 diabetes does not alter neutralizing antibody response to a widely used enterovirus vaccine, the poliovirus vaccine
	1 INTRODUCTION
	2 MATERIALS AND METHODS
	2.1 Study population
	2.2 Subjects
	2.2.1 Autoantibody-negative series
	2.2.2 HLA risk-matched series
	2.2.3 Vaccination history

	2.3 Virus and cell lines
	2.4 Antibody response
	2.5 Statistical analysis

	3 RESULTS
	4 DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES




