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Purpose: The correlation between the incidence of type 1 diabetes mellitus (T1DM)
and tuberculosis or bacillus Calmette-Guérin (BCG) vaccination rate in individuals
aged <15 years was investigated using worldwide data.

Methods: The incidence of T1DM, rate of BCG vaccination, and incidence of
tuberculosis were obtained from the Diabetes Atlas 9th edition of the International
Diabetes Federation and the Global Health Observatory data repository of the World
Health Organization. Gross domestic product (GDP) per capita and population data
by country were obtained from the World Bank and United Nations, respectively.
Results: GDP per capita negatively correlated with the incidence of tuberculosis
and positively correlated with the incidence of T1DM (coefficient=-0.630 and 0.596,
respectively; all P<0.001). The incidence of T1IDM and tuberculosis was significantly
associated with the Organisation for Economic Cooperation and Development
(OECD) status (P<0.001). After adjusting for GDP per capita, regional grouping, and
OECD status, the incidence of TIDM negatively correlated with that of tuberculosis
(R’=0.729, P=0.009). However, there was no association between the BCG
vaccination rate and incidence of T1DM (P=0.890).

Conclusion: There was a negative correlation between the incidence of tuberculosis
and T1DM in children and adolescents aged <15 years at the country level.
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Highlights

- Negative correlation was revealed in the incidence of tuberculosis and type 1 diabetes
mellitus. Bacillus Calmette-Guérin (BCG) immunization rate did not differ based on the
Organisation for Economic Cooperation and Development status and regional grouping.
The BCG coverage rate and incidence of type 1 diabetes mellitus showed no correlation.

Introduction

Type 1 diabetes mellitus (TIDM) is caused by autoimmune destruction of pancreatic beta
cells, which synthesize and secrete insulin into the bloodstream.” Consequently, patients
with TIDM require insulin to survive. Genetic, immunologic, and environmental factors are
associated with the pathogenesis of T1DM.” Polymorphism of several genes, such as the major
histocompatibility complex, protein tyrosine phosphatase, nonreceptor type 22 gene, cytotoxic
T-lymphocyte-associated protein 4, and preproinsulin genes, has been reported to affect
the development of TIDM.” Environmental factors such as viral infections and perinatal
or dietary factors may be associated with the development of TIDM."® Both humoral and
cellular immunity contribute to the destruction of beta cells, leading to insulin deficiency.”
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Several B-cell and T-cell targeted immunotherapies were
developed to modify to clinical course of TIDM.”

In the last decade, tumor necrosis factor (TNF) was identified
as a potential cytokine that kills autoreactive T cells in subjects
with TIDM.*'” The bacillus Calmette-Guérin (BCG) vaccine
is an attenuated Mycobacterium bovis vaccine that has been
used for over 100 years. The vaccine is known to induce TNF
by 2 mechanisms, activation of suppressive T regulatory (Treg)
cells and death of cytotoxic T lymphocytes (CTLs) that attack
pancreatic islet cells."” Based on these mechanisms, clinical
trials since 2007 have considered BCG therapy for TIDM. A
published phase I clinical trial revealed that two doses of the
BCG vaccine moditied the autoimmune status and lowered
glycosylated hemoglobin without causing hypoglycemia in
patients with long-term TIDM.""¥ Currently, a phase I study
is recruiting subjects to investigate the sustainability of frequent
vaccinations.

Although research has been conducted at the individual
level, there are no reports on the association between the
epidemiology of TIDM and tuberculosis or BCG vaccinations
at the country level. In this study, we investigated the association
between the incidence of TIDM and tuberculosis among
children and that between incidence of TIDM and BCG
immunization coverage among 1-year-old children. These
analyses were based on the shared immune metabolism between
BCG and tuberculosis.”*” This study was performed using data
generated by the Diabetes Atlas of the International Diabetes
Federation (IDF) and World Health Organization (WHO).

Materials and methods

1. Data collection

We collected the number of patients with TIDM and
tuberculosis younger than 15 years of age. We collected
data regarding the incident cases of T1IDM in children and
adolescents in 2019 from an article in the Diabetes Atlas 9th
edition published by the IDE?" Countries with estimated data
extrapolated from adjacent nations were excluded, and only
countries with an existing diabetes registry were included. The
countries were classified into seven regions according to the
IDF: Africa (AFR), Europe (EUR), Middle East and North Africa
(MENA), North America and the Caribbean (NAC), South and
Central America (SACA), Southeast Asia (SEA), and Western
Pacific (WP). We obtained population numbers by country
and age from the United Nations World Population Prospects
2019.” The incidence of T1IDM was calculated as patients
diagnosed with the disease in 2019 per 100,000 population aged
<15 years.

Information on incident tuberculosis cases in individuals
aged <15 yearsm and BCG immunization coverage (%) among
1-year-old children® were obtained by the WHO Global Health
Observatory data repository. Information on the incident cases
of tuberculosis in Hong Kong and Taiwan were obtained from
the Center for Health Protection under the Department of
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Health in Hong Kong™ and the Taiwan Centers for Disease
Control.” The incidence of tuberculosis was calculated
as patients diagnosed with the disease in 2019 per 1,000
population aged <15 years.

Gross domestic product (GDP) per capita by country was
compiled by the World Bank for the year 2019.”” Membership
status of the Organisation for Economic Co-operation and
Development (OECD), an intergovernmental organization with
38 high-income developed member countries, was obtained
from their website (www.oecd.org).

2. Statistical analysis

All statistical analyses were performed using R Statistical
Software (ver. 2.14.0; R Foundation for Statistical Computing,
Vienna, Austria). Log transformation was applied for the
GDP per capita and incidence of TIDM, and square root
transformation was applied to determine the incidence of
tuberculosis. Following this, the Shapiro-Wilk normality
test was performed to assess the normality of the variables.
Pearson correlation coefficients were computed for normally
distributed data, and Spearman rank correlation coefficients
were computed for nonnormally distributed data. In addition,
a multiple linear regression model was applied to control the
confounding variables and interaction and to analyze the
association between the incidence of TIDM and tuberculosis or
BCG coverage. A P-value <0.05 indicated statistical significance.

Results

A total of 94 countries had data on the incident cases of
T1DM among individuals younger than 15 years in 2019, after
excluding the extrapolated data.”” Of the 94 countries, 91 had
data on the incident cases of tuberculosis, while 60 possessed
data on BCG immunization coverage rate (Fig. 1). Of these 91
countries, 3 were included in the AFR, 43 in EUR, 12 in MENA,
7in NAC, 11 in SACA, 4 in SEA, and 11 in WP regions. A total
of 37 OECD member countries was enrolled in this study. No
OECD member country in the AFR, MENA, and SEA regions
was enrolled in the BCG-immunization database. All raw data
are listed in Supplementary Table 1.

1. Correlation of the incidence rate of T1IDM and tuber-
culosis based on OECD status and GDP per capita

Among the 91 countries, GDP per capita differed by OECD
status and region (P<0.001 and P=0.004, respectively) (Table
1). GDP per capita negatively correlated with the incidence
of tuberculosis (coefficient=-0.630, P<0.001) (Fig. 2A) even
though it exhibited a positive correlation with the incidence of
T1DM (coefficient=0.596, P<0.001) (Fig. 2B). The OECD status
was significantly associated with the incidence of TIDM and
tuberculosis (all P<0.001). A lower incidence of tuberculosis and
a higher incidence of TIDM were observed among individuals
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Fig. 1. World map showing the enrolled countries in 2019 based on the bacillus Calmette-Guérin immunization rate among 1-year-old children, the incidence of
tuberculosis and type 1 diabetes mellitus in children and adolescents aged <15 years (black), countries based on the incidence of tuberculosis and type 1 diabetes mellitus
in children and adolescents aged <15 years (gray), and countries without information (white). BCG, bacillus Calmette-Guerin; TB, tuberculosis; TIDM, type 1 diabetes
mellitus.

Table 1. Incidence of tuberculosis and T1DM, BCG immunization rate among 1-year-old children, and GDP per capita according to the

OECD status and regional groups

Variable No. GDP per capita (USD) Incidence of tuberculosis Incidence of T1IDM BCG immunizatio'n rate
(100,000 people/yr) (100,000 people/yr) among 1-year-old children (%)
OECD status
OECD 37 39,350+24,374 1.99+1.85 19.82+12.08 13 88.46+20.04
Non-OECD 54 12,944+14,673 21.77451.12 7.38+8.64 47 92.04+11.20
P-value <0.001° <0.001° <0.001° 0401
Regional group
AFR 3 9334165 43.30+34.72 0.72+0.48 3 86.00+£15.13
EUR 43 30,992+25,568 4.55+6.83 17.80+11.45 20 92.00+16.13
MENA 12 13,876£17,921 13.62+27.67 13.09+£14.08 1 89.09+£14.53
NAC 7 28,525+21,231 2.00+2.77 11.45+11.20 2 87.00+15.56
SACA 11 8,318+4,254 10.42+8.60 4794577 1 90.46+7.92
SEA 4 6,420+5,134 43.20+47.16 2444150 97.25+3.50
WP 11 30,553+21,627 41.73£103.71 5.86+8.09 9 93.33+£15.52
P-value 0.004" 0.003" <0001 0925

T1DM, type 1 diabetes mellitus (T1DM); BCG, bacillus Calmette-Guérin; GDP, gross domestic product; OECD, Organisation for Economic
Co-operation and Development; USD, United States dollars; AFR, Africa; EUR, Europe; MENA, Middle East and North Africa; NAC, North
America and Caribbean; SACA, South and Central America; SEA, Southeast Asia; WP, Western Pacific.

in the OECD countries (Table 1).

2. Association between the incidence of tuberculosis and
T1DM

Among the 91 countries, the incidence of TIDM decreased
with an increase in the incidence of tuberculosis (coeffi-
cient=-0.490, P<0.001). Adjustment for GDP per capita,
region, and OECD status revealed a negative correlation
with incidence of tuberculosis and TIDM (coefficient=-5.57,
P=0.009) (Fig. 3, Table 2). The EUR and WP regions exhibited
a negative correlation between the incidence of tuberculosis

and that of T1DM (coefficient=-0.555 and -0.872, all P<0.001)
(Supplementary Table 2). Between the OECD and non-OECD
member countries in the same region, significantly negative
correlations were observed in the non-OECD member
countries in the EUR and WP regions (coefficient=-0.749,
P=0.002 and coefficient=-0.976, P<0.001) (Supplementary
Table 3). As only 3 countries were included in AFR, the region
was excluded from statistical analysis among regions. Difference
in degree of correlation was noted between the EUR and NAC,
NAC and SACA, MENA and WP, and NAC and WP regions (all
P<0.05) (Supplementary Table 2).
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Fig. 2. Scatter plot of the associations between the incidence of tuberculosis and gross domestic product per capita (A) and between the
incidence of type 1 diabetes mellitus (T1DM) and gross domestic product (GDP) per capita (B). Sqrt, square root transformation.

Table 2. Multivariate linear regression analysis of factors influencing in the incidence of type 1 diabetes mellitus

Variable Crude Adjusted
Coefficient SE P-value Coefficient SE P-value

Incidence of tuberculosis (100,000 people/yr)’ -2.89 0.53 <0.001 -5.57 2.06 0.009
GDP per capita (USD)" 0.78 0 <0.001 345 3.54 0333
OECD status

Non-OECD Reference Reference

OECD 1.58 0.29 <0.001 -36.28 22.73 0.115
Regional group

Africa Reference Reference

Europe 3.25 0.77 <0.001 22.80 24.49 0.355

Middle East and North Africa 241 0.84 0.005 22.56 24.35 0.357

North America and Caribbean 1.77 0.89 0.051 -31.22 25.01 0.216

South and Central America 1.24 084 0.144 942 24.68 0.704

South East Asia 1.29 0.99 0.196 31.55 2525 0216

Western Pacific 143 0.84 0.094 21.30 25.24 0.402

SE, standard error; GDP, gross domestic product; USD, United States dollars; OECD, Organisation for Economic Co-operation and

Development.
"Log-transformed for analysis.

3. Association between the BCG coverage rate and
incidence of T1DM

Of the 60 countries, the BCG immunization rate did not
differ based on OECD status or region (P=0.401 and P=0.925,
respectively) (Table 1). The BCG vaccination rate and incidence
of T1DM did not exhibit linear correlation (coefficient=-0.076,
P=0.566). The BCG coverage rate and incidence of TIDM
demonstrated no correlation after adjustments for GDP per
capita, region, and OECD status (coefficient=0.019, P=0.890)
(Fig. 4).

Discussion
In this study, we identified a negative correlation between the

incidence of T1DM and tuberculosis in the pediatric population
after adjusting for GDP per capita, region, and OECD status.
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However, there was no association between BCG immunization
and the incidence of TIDM. The incidence of TIDM and
tuberculosis exhibited positive and negative associations with
the GDP per capita, respectively. The incidence of tuberculosis
was lower, while that of TIDM was higher among individuals in
OECD countries compared to non-OECD countries.
Tuberculosis is one of the leading causes of death among
communicable infections. According to the Global Tuberculosis
Report 2020 by the WHO, one-quarter of the world's
population is infected with Mycobacterium tuberculosis.”® The
BCG vaccine was introduced in 1921 to prevent the disease
and remains in use to date. Although initially developed to
prevent tuberculosis, the immune mechanism of BCG leads to
the induction of TNE which expands Treg cells that suppress
and kill CTLs that attack pancreatic islet cells. Therefore, TNF
inducers demonstrate a protective effect in patients with TIDM.
Furthermore, normal immune cells generate energy through
oxidative phosphorylation with minimal consumption of sugars
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Fig. 3. Scatter plot of the association between the incidence of tuberculosis and
type 1 diabetes mellitus (TTDM) in children and adolescents aged <15 years.
Sqrt, square root transformation.

or by aerobic glycolysis with a high-glucose transport process.
BCG switches the immune metabolism from high reliance on
oxidative phosphorylation to aerobic glycolysis.""'” In addition,
microorganisms utilize aerobic glycolysis. According to the
hygiene hypothesis, autoimmune diseases are associated with a
lack of interaction between microorganisms and the immune
system. Therefore, BCG vaccination suppresses the induction or
activation of autoimmunity through several mechanisms. This
suggests that BCG therapy could be associated with a favorable
effect in patients with T1DM, as reported in phase 1 clinical
trials.

In this study, we hypothesized that countries with higher BCG
immunization rates of 1-year-old children would exhibit a lower
incidence of T1DM. However, no such relationship was found.
In previous animal and human studies, administration of BCG
at birth did not provide any benefit.””*” Furthermore, a single
dose of the BCG vaccination was not associated with a reduced
incidence of TIDM, and at least 2 doses were needed.""" The
BCG vaccine is based on live attenuated mycobacterium strains.
The immune response following one dose of the BCG vaccine
may not be of similar potency to that against natural infection.
The BCG vaccination policies in the BCG atlas™ showed
that, among the enrolled countries, children in only 3 received
multiple doses. Therefore, the effects of multiple doses of BCG
vaccination could not be evaluated in this study. All three were
non-OECD countries with a middle-income group and were
located in EUR (Armenia, Bulgaria, and Russian Federation).

However, triggering of TNF release has historically been
well-documented after BCG vaccination or tuberculosis
infection.” Based on the same mechanism, the rate of natural
infection caused by Mycobacterium tuberculosis may aftect the
incidence of TIDM.”*" Among the individuals infected with
M. tuberculosis, only 5%-10% progressed to the disease. In
countries where tuberculosis is highly prevalent, individuals
are commonly diagnosed with the disease as well as with latent
infection. After natural infection or vaccination, autoimmunity
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Fig. 4. Scatter plot of the association between bacillus Calmette-Guérin (BCG)
immunization rate among 1-year-old children and the incidence of type 1 diabe-
tes mellitus (TTDM) .

is downregulated by the induction of TNF and Treg cells and
the suppression of CTLs. Therefore, the incidence of TIDM
could be affected at the national level.

The incidence of tuberculosis and TIDM could be influenced
by the socioeconomic status. Therefore, the relationship
between the 2 diseases was analyzed after adjusting the GDP
per capita and based on their OECD status. Likewise, genetic
susceptibilities could lead to differences in the incidence of the 2
diseases. According to a systematic review and meta-analyses,"”
polymorphism in the (GT)n promoter allele 2 of SLCI11A1 gene
was significantly associated with the protective effect of TIDM
(odds ratio [OR], 0.94; 95% confidence interval [CI], 0.89-0.98)
and increased incidence of infectious diseases (OR, 1.25;
CI, 1.10-0.42). The (GT)n allele 3 of the SLCIIA1 gene was
significantly associated with an increased incidence of T1IDM
(OR, 1.07; CI, 1.01-1.12) and had a protective effect against
the occurrence of infectious diseases (OR, 0.83; CI, 0.74-0.93).
Among the infectious diseases, the (GT)n alleles 2 and 3 were
strongly associated with the incidence of tuberculosis (OR, 1.47;
CI,=1.30-1.66 and OR, 0.75; CI, 0.69-0.82, respectively). There
was a significant difference based on the ethnicity, especially in
AFR.

This study has some limitations. First, given that the
measurements of the incidence of tuberculosis and TIDM are
only a proxy, caution is necessary when applying the same to the
individual level. There is a potential for systematic differences
between countries in reporting disease frequency. Data
regarding the incidence of both tuberculosis and T1DM can be
obtained for a few countries from the WHO and IDF databases,
respectively. Second, this is a cross-sectional study and the
associations must be analyzed carefully. Last, considering the
lack of available data on confounding factors, the results should
be interpreted with caution. Despite these limitations, our
study intended to further investigate the hypothesis linking
tuberculosis infection and the onset of TIDM using exposure
data available at the international level. Only data from
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accredited organizations were used, and extrapolated results
were excluded. Furthermore, the immunomechanism of the
BCG vaccine against T1DM has already been identified.

In conclusion, there was a negative correlation between
the incidence of tuberculosis and TIDM in children and
adolescents aged <15 years after adjusting for GDP per capita,
region, and OECD status at the country level. However, further
studies are necessary to investigate the association at the
individual level. Considering the multiple immune mechanisms,
BCG vaccination might have a favorable effect on patients with
T1DM, and the results of clinical trials can be anticipated.

Notes

Supplementary Materials: Supplementary Tables 1-3 can be
found via https://doi.org/10.6065/apem.2244254.127.
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