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Abstract
Background

Diabetes is a common disease marked by high blood sugars. An earlier clinical trial in type 1 diabetic subjects (T1Ds) found that
repeat BCG vaccinations succeeded in lowering HbA1c values over a multi-year course. Here we seek to determine whether BCG
therapy for bladder cancer may improve blood sugar levels in patients with comorbid T1D and type 2 diabetes (T2D). We also
investigate whether BCG exposure may reduce onset of T1D and T2D by examining country-by-country impact of BCG childhood
vaccination policies in relation to disease incidence.

Methods and findings

We first analyzed three large US patient datasets (Optum Labs data [N = 45 million], Massachusetts General Brigham [N = 6.5
million], and Quest Diagnostics [N = 263 million adults]), by sorting out subjects with documented T1D (N = 19) or T2D (N = 106)
undergoing BCG therapy for bladder cancer, and then by retrospectively assessing BCG’s subsequent year-by-year impact on
blood sugar trends. Additionally, we performed an ecological analysis of global data to assess the country-by-country associations
between mandatory neonatal BCG vaccination programs and T1D and T2D incidence. Multi-dose BCG therapy in adults with
comorbid diabetes and bladder cancer was associated with multi-year and stable lowering of HbA1c in T1Ds, but not in T2Ds. The
lack of a similar benefit in T2D may be due to concurrent administration of the diabetes drug metformin, which inhibits BCG’s
beneficial effect on glycolysis pathways. Countries with mandatory neonatal BCG vaccination policies had a lower incidence of T1D
in two international databases and a lower incidence of T2D in one of the databases.

Conclusions

The epidemiological evidence analyzed here suggests that BCG may play a role in the prevention of T1D. It does not support
prevention of T2D, most likely because of interference by metformin. Our ecological analysis of global data suggests a role for
neonatal BCG in the prevention of T1D and, to a lesser extent, T2D. Randomized clinical trials are needed to confirm these
findings.
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Introduction
In 2018, approximately 10.5% of the US population had diabetes (around 34.2 million people). Of that total number, almost 1.6
million had Type 1 Diabetes (T1D), previously known as insulin-dependent diabetes or juvenile diabetes. There were about 1.5
million new cases of Type 2 Diabetes (T2D) in 2018, and about 18,000 new cases of T1D in children and adolescents aged below
20 years in 2014–2015 [1]. T1D is characterized by insulin deficiency due to an autoimmune response against the insulin-producing
β islet cells in the pancreas, resulting in the inhibition of glucose uptake from the blood into cells. T2D early in the disease course is
associated with insulin resistance; if poorly managed the disease can evolve to include insulin deficiency from β cells death,
exhaustion, from non-immune causes [2]. Both types of diabetes, despite different etiology, are associated with insulin therapy and
both types are associated with long term morbidity and mortality.

First used in 1921, the Bacillus-Calmette-Guerin (BCG) vaccine was designed to prevent tuberculosis (TB). It is a live attenuated
vaccine developed from Mycobacterium bovis, an organism related to M. tuberculosis [3], which causes TB. The 100-year old BCG
vaccine is the most commonly used vaccine in the world and enjoys a strong safety record. High-dose BCG has also been used for
early stage bladder cancer therapy since the 1970s [4] with confirmed oncological benefits [5–7]. BCG vaccination has been
associated with a range of off-target human clinical benefits, including improved protection from non-mycobacterial infections
[8–10], reduced mortality in childhood, and increased protective effects for neonatal low birth weight boys [11], as well as clinical
benefits in multiple sclerosis [12,13], T1D [14–17], and maybe even in Alzheimer’s disease [18,19].

The BCG vaccine has shown clinical benefits in T1Ds; one study associated multiple vaccinations during childhood with lower rates
of T1D incidence [20], and within our group, two intradermal doses of BCG in advanced T1D patients corrected hemoglobin A1c
(HbA1c) levels to near normal beginning after 3 years from treatment, with the positive effects persisting for a further 5 years [14].
Subsequent publications provide support for the reduction in blood sugar levels being due to both immune and metabolic effects.
The immune effects include the reset of the immune system, inducing levels of suppressive T-regulatory (Treg) cells, and depletion
of autoreactive cytotoxic lymphocytes (CTLs) that attack ß islet cells of the pancreas [15,21,22]. The immune reset is driven by de-
methylation of 6 signature Treg genes in CD4 T cells [14]. Even in advanced T1D, when the pancreas no longer has functional ß
islets, BCG therapy lowers blood sugars by a systemic reset of sugar metabolism. The BCG organism gradually and systemically
switches glucose metabolism in immune cells from oxidative phosphorylation (OXPHOS) to aerobic glycolysis due to increased
expression of Myc, a master regulator of several glucose metabolism pathways [16]. Notably, T1D patients at baseline show an
increased state of OXPHOS compared to controls, a state of low glucose utilization. In contrast, the BCG-induced switch to aerobic
glycolysis is a state of regulated high glucose utilization, promoting the anabolism of purines via the pentose phosphate shunt,
which may consequently be driving down HbA1c levels. Interestingly, treatment with BCG did not induce hypoglycemia, a
situational risk that may occur with increased standard insulin use for controlling blood sugar levels [14–17].

The reason for glucose underutilization in T1Ds could result from a lack of host-microbe interactions, a theory supported by the
hygiene hypothesis [23]. It is only within the modern era that humans have been without frequent exposure to organisms commonly
found in their environment. More specifically, the co-evolution between humans and Mycobacterium dates back around 90,000
years [24]. The data suggests that this interaction shapes the host immune system through a process of immune and metabolism
reset. In many ways the reset of the immune system with the BCG vaccine mimics the localized effects of tuberculosis that also
switches monocytes to aerobic glycolysis and turns on Treg cells [14,16]. The clinical permanence of BCG’s systemic effects may
be dependent on epigenetic changes that are beneficial for both the host and the microbe [25]. In further support for this
hypothesis, populations with a high prevalence of M. tuberculosis are better protected against T1D and other autoimmune diseases
[26,27], and a stark difference in T1D incidence is evidenced due to changes in environmental exposure between the recently
separated populations of eastern Finland and Russia [28].

In this study, we seek further support of BCG’s role in prevention of T1D. We also study BCG’s benefits for prevention of T2D. First,
we studied three health care databases to look for the impact on blood sugars in elderly patients receiving high-dose BCG therapy
for bladder cancer therapy in the US. Then on the global level we investigate the possible relatedness of neonatal BCG vaccines
with subsequent diabetes prevention by tracking country-by-country incidence of T1D and T2D.

Methods
BCG-treated bladder cancer patients with existing T1D or T2D

Bladder cancer in the United States at an early clinical stage is commonly treated with a six-course regimen of large doses of BCG
applied weekly into the bladder. The average age for the diagnosis of bladder cancer is 73, and it is more common in men than
women [29]. To explore the hypothesis that high-dose intravesical BCG in bladder cancer subjects might alter existing blood sugar
control in either T1D or T2D, we analyzed three large clinical care datasets in the US. The datasets consist of the Research Patient
Data Registry (RPDR) from the Massachusetts General Brigham (MGB) system, from Management Science Associates (with Quest
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Diagnostics data) and data from Optum Labs (OL). The RPDR is a centralized clinical data registry that gathers data from hospital
systems across the MGB network and stores it in one place, enabling researchers to pull a variety of patient data (from 1988
onwards), including and not limited to, patient demographics, diagnoses, medications and procedures. Quest Diagnostics and
Optum Labs data also have their own private datasets that helped to investigate the hypothesis of this study. All these datasets
were from predominantly US based and US born patients. This was important to prevent the inclusion of a patient population that
had received BCG neonatal vaccinations due to health care policies. The US has never had a policy of mandatory neonatal BCG
vaccination.

Since massive datasets obtained from clinical care may contain errors in coding between T1D and T2D we set up multiple layers of
data searching to ensure the subjects were properly categorized. We made sure the T1Ds were never on oral diabetes drugs and
always used insulin. The MGB system is the largest healthcare provider in Massachusetts, USA, with treatment of over a third of
the population within the Boston metropolitan area. The data registry was searched for patients who were diagnosed with bladder
cancer, with a comorbid T1D or T2D diagnosis, who were then split into two groups consisting of those who had BCG treatment for
bladder cancer and those who did not (Table 1). This data is also represented in S1 Fig. For the purposes of this study any dose of
BCG when used for bladder cancer qualified the patient into the BCG-treated group. Along with the search criteria for patients,
HbA1c results were requested from the databases for analysis and then analyzed for evidence of prevention. For the data to be of
use, multi-year, bi-annual and annual HbA1c values had to also be available. The use and study of patient data from the RPDR was
approved by the MGB Institutional Review Board (number: 2001P001379).

Table 1. Search criteria for data from various data sources.
https://doi.org/10.1371/journal.pone.0276423.t001

Bladder cancer and BCG treatment data were also obtained independently from two other US-based health care sources, OL and
MSA (with Quest Diagnostics). Optum Labs data includes around 45 million individuals. Quest Diagnostics is derived from the
world’s largest database of clinical lab results, with access to around 90% of insured individuals in the US (N = 263 million) and
more than 6600 patient access points (predominantly in the US, but also with operations in the UK, Brazil and Mexico). The
different databases used in this study were analyzed and filtered independently from each other using varying inclusion and
exclusion criteria (Table 1).

Roughly 76,000 T1D patients were identified in the RPDR database. The search for T1D with bladder cancer, involved having a
T1D diagnosis, as well as being only on insulin and no other oral diabetic drugs (Table 1). BCG was also added as an inclusion
criterion when used for bladder cancer but subjects were excluded when BCG was used for another purpose. HbA1c results were
requested for the patients identified. Additionally, there were around 367,000 T2D patients in the same database. These patients
were filtered to identify those who were not on any insulin, and who received BCG for bladder cancer treatment and not for any
other purpose. The T1D patients were all male and had an average age of 78 at the time of receiving BCG treatment. The patients
identified with T2D were 78% male and 21% female; the average age at the time of BCG administration was 71.9 years, 71.2 years
for males and 74.8 years for females. HbA1c data for the RPDR dataset ranged from 1998 to 2020.

The search using the Optum Labs data identified patients between 2016 and April 2021. Patients were searched for using a T1D
diagnosis (ICD10 E10.9), a bladder cancer diagnosis (c679) and also the code for intravesical BCG instillation (J9031 and J9030).
As this treatment is only used for patients with bladder cancer, it is safe to assume these patients were diagnosed with the disease.
The patients were then further selected based on the number of T1D diagnoses they have had since 2016, compared to the
number of T2D diagnoses, those with a greater ratio of type 1 were selected for further analysis. Additionally, patients were also not
on any oral medications for diabetes.

The MSA data were gathered from T1D patients in the US and between the ages of 40–82 between 2014 and 2020. Patients were
required to receive BCG for bladder cancer treatment and no other purpose. T1Ds were precluded from receiving any oral diabetes
medication and were only on insulin. The search identified roughly 374,386 T1D patients, and down to a further 145,226 patients
who had their HbA1cs with Quest Diagnostics. Of the T1D patients analyzed, their average age was 71 years. In contrast, T2D had
a T2D diagnosis, and were on insulin and at least one oral medication for diabetes. In the majority of cases this oral drug was
metformin. There were 2,214,116 T2D patients when unrestricted with the insulin filter; when filtering with insulin and a T2D
medication, a total of 541,343 T2D patients were identified. The average age for the T2D patients was also 71 years old.

Data from the RPDR, OL and MSA were anonymized. Analysis of the data from the RPDR was approved by our Autoimmune and
Metabolic Disorders: In Vitro Pathogenesis and Early Detection protocol number: 2001P001379.

BCG neonatal vaccination policies and T1D and T2D incidence, a global analysis

We asked if neonatal vaccines were mandatory for a country, and what was the incidence of T1D or T2D in that country. This was
an ecological study looking at country-level associations without adjustment for potentially confounding factors. Data for the global

https://doi.org/10.1371/journal.pone.0276423.t001
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incidence of T1D was gathered from diabetes.org.uk (which features data from the International Diabetes Federation (IDF)) [30],
where the incidence of T1D and T2D per 100,000 children ages 0 to 14 is listed by country. The BCG status of each country was
established using the world BCG Atlas website [31], and independent internet searches. The incidence information gathered for
T1Ds was repeated in the Global Health Data Exchange (GHDx) [32] for the same countries (barring Hong Kong, a province of
China). Additionally, based on the same countries, T2D incidence data for people of all ages was also downloaded and analyzed.
The GHDx database also had a larger profile of countries to study, and so T1D (ages 0–14) and T2D (all ages) incidence data for
204 countries and territories was assessed. Although these datasets may not be independent from each other, they provide a
perspective of the incidence at two different time points; 2011 for the IDF dataset and 2019 for the GHDx dataset.

Statistical analysis

For the bladder cancer patient databases, each individual dataset was analyzed separately and then combined. A Student’s paired
t-test was used to compare average HbA1cs pre-BCG treatment to average HbA1cs each subsequent year afterward. All error bars
represent the standard error of the mean. To determine the impact of BCG as a neonatal vaccine and diabetes prevention, the data
between countries that currently administer BCG and those that do not were compared using a Mann-Whitney U test. All data
processing was performed in Microsoft Excel version 16.43. All statistical analysis and graphing were finalized in Prism version
9.1.1.

Results
BCG treatment for bladder cancer in T1D is associated with lower blood sugar

Fig 1 presents results from the three large clinical databases of subjects with either T1D (top) or T2D (bottom) who also received
BCG for bladder cancer (Figs 1 and 2). Bladder cancer occurs in the elderly [29], so this was a population of diabetic subjects with
long standing disease. The blood sugar control post-multi-dosing BCG for bladder cancer, was monitored as a percent change in
HbA1c value. The HbA1c for each subsequent year of a patient is compared to their pre-BCG baseline.

Fig 1. Lower HbA1cs are observed in Type 1, but not Type 2, diabetic subjects post-BCG treatment for bladder cancer.
For T1Ds, all three datasets (MSA, RPDR and OL) show a reduction in HbA1c, calculated as percentage change in HbA1c
values post-BCG instillation. Each dataset also shows a near 10% decrease in HbA1cs at differing time points. Combined, the
data for T1Ds convey a statistically significant decrease in year 1 post-BCG instillation (p = 0.0304). In contrast, the MSA data
for T2Ds show no change in the HbA1cs of patients, and the RPDR reveals an increase in HbA1c values post-BCG
instillation. The combined data shows no significant change. N’s for each dataset: RPDR = 4, MSA = 9 and OL = 6 for T1Ds.
And RPDR = 97, MSA = 9 for T2Ds.
https://doi.org/10.1371/journal.pone.0276423.g001

Fig 2. Decreasing trends in HbA1c are visible when using the average HbA1c for each dataset for T1Ds, but not T2Ds.
In T1Ds, lower HbA1cs are seen for all three databases for subjects treated with BCG for bladder cancer. T2Ds on the other
hand, do not show any trends post BCG instillation. N’s for each dataset; RPDR = 4, MSA = 9 and OL = 6 for T1Ds. And
RPDR = 97, MSA = 9 for T2Ds.
https://doi.org/10.1371/journal.pone.0276423.g002

All three datasets, MSA, MBG and OL, show a near 10% decrease in HbA1c value after treatment for bladder cancer with the BCG
instillation. The MSA patient data is observed to have a near 10% decrease in HbA1c within the first year itself, and persists with a
decreased HbA1c for the following two years. And within the MGB database, patient data appeared to show a gradual decrease in
HbA1c over time, not including the data point for year 3.

The data from the MBG database appears to gradually decrease HbA1c at a higher percentage each year after, aside from year
three. A 10% decrease in HbA1c appears to be reached by year 6 after BCG treatment. Similarly, the Optum Labs data also shows
a gradual decrease in HbA1c, reaching a near 10% decrease by year 3. Naturally, for those years that are available in all three
datasets, combining the searched T1D data of subjects receiving high dose BCG for bladder cancer once again showed from three
separate databases, a combined graph where every year it is observed that after high dose BCG for bladder cancer there is a
decrease in the HbA1c value compared to a pre-BCG baseline. With regards to the combined data for T1Ds (n = 19), this decrease
is significant in year 1 (p = 0.0304).

http://diabetes.org.uk/
https://doi.org/10.1371/journal.pone.0276423.g001
https://doi.org/10.1371/journal.pone.0276423.g002
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In contrast, no decrease in HbA1c values was seen in T2Ds after BCG treatment for bladder cancer. T2Ds for the MSA database
presented no change in year one, followed with an increase in HbA1c in year two. Year three for the T2D MSA data showed a
decrease, however, the error bar is quite large. Additionally, the T2D RPDR data appeared to increase HbA1c values post BCG
instillation. An increase over 5% was observed in years 4 and 6. As expected, combining the data for the two T2Ds subject sets (n
= 106) from two separate health care databases, using yearly data available in both sets, displayed no change in HbA1c for T2Ds.

The average HbA1c values for each year post-BCG are graphed in Fig 2. For T1Ds, the graphs present lowered values compared
to year 0. For T2Ds, the average HbA1cs exhibit far more sporadic changes.

Lower incidence of T1D in countries with neonatal BCG vaccination and mixed results for T2D in an ecological analysis of the global population

For the ecological study of T1D, we looked at two datasets involving the incidence of T1D in children aged between 0 to 14 years
within various countries from two separate databases. The countries were divided into those with a policy of mandatory neonatal
BCG vaccination and those without. The search was on the IDF database and matching countries and then repeated in the GHDx,
and then further expanded to all GHDx countries and territories (Fig 3). T1D incidence in countries currently administering BCG and
those that are not were compared. The data show the incidence of T1D around the world on a country-by-country basis appears to
be associated with current BCG vaccination programs at birth. The incidence rate of T1D per country is graphed out in Fig 3. The
graphs are then split into those countries that currently have a BCG vaccination program and those that do not. Countries that
currently administer BCG have a significantly lower T1D incidence rate than those that do not administer the vaccine at birth. Data
from the IDF database showed an average of 65% reduced incidence for T1D in countries with a BCG vaccination policy
(p<0.0001). When matched to the GHDx database, countries with a BCG vaccination policy had an average of 39% reduced
incidence for T1D (p<0.0001), and when further compared with all the GHDx countries and territories, those with a BCG vaccination
policy had an average of 47% reduced incidence for the disease (p<0.0001). Although the data presented in this article do not allow
a conclusion that BCG has a preventing effect on T1D, the epidemiological data suggests lowered T1D incidence in countries with
neonatal BCG vaccine programs and provokes further investigation.

Fig 3. In global population data BCG neonatal vaccinations consistently correlate with reduced incidence of T1D.
From the IDF list of countries, those with current BCG vaccination programs (blue lines) are observed to have significantly
reduced incidence of T1D in children (p = <0.0001). Countries with a mandatory BCG vaccination policy had an average of
65% reduced incidence. An almost identical trend was observed with a repeat search of T1D incidence for children in the
GHDx database, using the same countries as the IDF database. This lends support to prevention based on the result that
countries with a childhood BCG program are observed to have an average of 39% lower incidence for T1D (p = <0.0001).
Finally using all the countries and territories available in the GHDx dataset, we again observe the incidence of T1D in children
is reduced by an average of 47% if they earlier received neonatal vaccinations of BCG (p = <0.0001). A Mann-Whitney U test
was used to compare the two groups of countries with (blue) and without (black) newborn BCG vaccinations based on the
country-by-country policies. Black lines represent countries without BCG neonatal vaccination programs; blue lines represent
countries with BCG vaccination programs. [N = 33 for BCG- countries, N = 56 for BCG+ for the IDF database] [N = 45 for
BCG-, N = 159 for BCG+ countries and territories in the GHDx database]. Notation of the countries are in Table 2.
https://doi.org/10.1371/journal.pone.0276423.g003

Table 2. Countries detailed in Fig 3.
https://doi.org/10.1371/journal.pone.0276423.t002

The same analysis was also conducted for T2D (Fig 4). The T2D incidence was extracted for individuals of all ages for the same
countries. Furthermore, the searches were conducted on the IDF-matched countries, and all GHDx countries and territories. Fig 4
depicts the incidence of T2D for all ages in the same countries as Fig 3. The IDF-matched countries database did not observe a
difference in T2D incidence between neonatal vaccinated and non-vaccinated countries (p = 0.0715). When this comparison was
repeated for all the countries available in the GHDx database, the p-value was significant (<0.0001), indicating a reduced incidence
rate for countries with mandatory neonatal BCG vaccination, with an average reduction of 28% for those countries with a BCG
vaccination policy. Taken together, this suggests a possible prevention benefit for T2D. Keep in mind for this data, the BCG vaccine
was administered at birth with no concurrent metformin administrations. The order of countries for Figs 3 and 4 is listed in Tables 2
and 3.

https://doi.org/10.1371/journal.pone.0276423.g003
https://doi.org/10.1371/journal.pone.0276423.t002
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Fig 4. In global population data BCG neonatal vaccinations might confer some protection from T2D onset.
Using IDF-matched countries in the GHDx database, the T2D incidence was not significantly different between countries with
(in blue) a childhood BCG program and those without (in black) neonatal BCG vaccinations (p = 0.0715). However, using all
the countries and territories available in the GHDx dataset, the T2D incidence was reduced by an average of 28% in those
countries with neonatal vaccine programs (p <0.0001). A Mann-Whitney U test was used to compare the two groups of
countries with and without newborn BCG vaccinations policies. Black lines represent countries without BCG neonatal
vaccination programs; blue lines represent countries with BCG vaccination programs. [N = 33 for BCG- countries, N = 55 for
BCG+ for the IDF database] [N = 45 for BCG-, N = 159 for BCG+ countries and territories in the GHDx database]. Notation of
the countries are in Table 3.
https://doi.org/10.1371/journal.pone.0276423.g004

Table 3. Countries detailed in Fig 4.
https://doi.org/10.1371/journal.pone.0276423.t003

Discussion
Two different types of epidemiologic datasets were used to test the hypothesis that BCG might have an impact on diabetes
management or might prevent diabetes onset. These outcomes were measured through a drop in HbA1c values with existing
diabetic disease or in a decrease in diabetes incidence. Within the US, BCG is only approved by the FDA for the treatment of
bladder cancer. A multi-year observational study of HbA1c values in adult subjects shows post-BCG high dose bladder instillation
improved blood sugar control in subjects with existing T1D, but not T2D. The bladder cancer subjects were elderly with
longstanding diabetes yet still maintain BCG responsiveness in T1D. The multi-year time line of improved blood sugar mirrored
multi-dose BCG as a vaccine in a double-blinded controlled trial (the average age of patients in the trial at the time of their baseline
visit was 38 years old) [14]. BCG vaccines in neonates may also prevent T1D, according to our examination of global datasets. A
country-by-country practice of BCG administered neonatally correlated with lower T1D incidence. The impact of neonatal BCG
vaccines for prevention of T2D is more complicated.

The general mechanism behind improved HbA1c after BCG vaccinations in adult T1D may reflect, at least in longstanding disease,
a systemic shift in metabolism. Juvenile-onset T1Ds have an underlying lymphoid defect in regulated sugar utilizations through a
dependence on oxidative phosphorylation, a cellular energy step wherein cells use less sugar for energy [14,15]. With BCG
administration this underlying defect in sugar utilization is reversed and the lymphoid system, both T cells and monocytes, shifts to
nearly restored aerobic glycolysis [16]. The mechanism for improved HbA1c can be monitored by various complex or even simple
methods such as sugar uptake in culture over set time periods with labeled sugar by registering fluorescence. For T2D, published
data does not show an underlying defect in aerobic glycolysis suggesting a therapeutic effect of BCG may be less dramatic [33].
The capability of the lymphoid system being able to regulate blood glucose levels was hypothesized in 2007, where immune cells
could transiently restrict the rise in blood glucose during and after a meal by buffering glucose in the form of lactate and aspartate
[34,35]. This mechanism is different than the mechanism of converting oxidative phosphorylation to aerobic glycolysis, but
illustrates the previous lack of appreciation of using the massive lymphoid organ system within humans as a new and novel
regulatory system of blood sugars.

The BCG effects on blood sugars in T1D may involve the protein MYC, which stabilizes Hypoxia-inducible factor 1-alpha (HIF-1α),
leading to increased uptake of glucose [16]. HIF-1α is activated by the mechanistic target of rapamycin (mTOR) and, typically, in
response to food intake, the body will indirectly activate mTOR due to chain signaling from Insulin Receptor Substrate (IRS) to
Phosphoinositide 3-kinase (PI3K) and then Protein Kinase B (Akt), resulting in the inactivation of Tuberous Sclerosis Complex 2
(TSC2) (which is a suppressor of mTOR), and thus activation of HIF-1α and glucose uptake. A recent publication reported that BCG
affects the epigenetic methylation status of Lysine Demethylase 2B (KDM2B) to facilitate improved mTOR functionality [16]. BCG
treatment, increased DNA methylation at a specific site on the KDM2B gene (cg13708645) back to levels comparable for non-
diabetic controls, suggesting reduced expression of the KDM2B protein, leading to decreased demethylation of Histone 3 Lysine 3
(H3K4me3) and Histone 3 Lysine 36 (H3K36me2). These histone modifications result in the activation of cytokines, such as TNF,
IL6 and TLR4, as well as increased glycolysis [36]. A specific CpG site for the gene DNA Damage Inducible Transcript 4 (DDIT4)
(cg01674036) was also observed to have significant hyper-methylation towards non-diabetic control levels post BCG treatment.
The consequence of this hyper-methylation suggests inhibited expression of the DDIT4 protein, a protein known to suppress mTOR
activity. Activated mTOR is thus further able to boost the glucose uptake due to HIF-1α, and increase the rate of glycolysis. When
comparing the two forms of diabetes, the methylation dysregulation for the CpG site in KDM2B is in the opposite direction in T2D
[37] signifiying the differences between the two diseases, and may be a contributing factor to the increased OXPHOS. Interestingly,

https://doi.org/10.1371/journal.pone.0276423.g004
https://doi.org/10.1371/journal.pone.0276423.t003
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various obesity related factors have been shown to upregulate DDIT4, which may contribute towards the development of insulin
resistance, and genetic inhibition of the DDIT4 gene has been observed to impair insulin sensitivity [38]. Re-methylation of the
specific CpG site on DITT4 back to normal levels after BCG treatment, suggests a correction of the metabolism pathways in T1Ds.

There is also growing evidence that the immune system and inflammation are principal defects in Alzheimer’s and Parkinson’s
disease [39,40]. Certainly neurons are heavily dependent on proper sugar uptake for survival. BCG, in both animal models and in
epidemiology studies, suggests additional beneficial effects for adults. This could be one reason why BCG treatment for bladder
cancer correlates with prevention of Alzheimer’s disease and multiple sclerosis, both conditions relating to the immune system
[18,19,41].

Bladder cancer patients with existing T2D treated with high-dose BCG appear to show no change to their HbA1c after treatment.
This result could be due to the biological differences between T1Ds and T2Ds, but there is another explanation that should be
seriously considered. As mentioned above, BCG’s accelerated sugar utilization is controlled in part through the mTOR pathway
[16]. Almost every T2D in the US takes metformin. Metformin interferes with this BCG-controlled metabolic pathway. Metformin
appears to treat diabetes by reducing hepatic gluconeogenesis, although the full mechanism may be more complex [42].
Contrastingly, metformin also appears to inhibit the mTOR pathway by increasing expression of AMPK, an effect that would be
inhibitory to the mechanism of BCG. Indeed Arts and colleagues show a detrimental effect of metformin when actually administering
metformin to normal volunteers and then studying the in vitro effects on isolated monocytes [43]. Administering metformin, an
AMPK (AMP-activated protein kinase) activator (and mTOR inhibitor), to healthy volunteers for 5 days yielded monocytes that no
longer had the beneficial phenotype of BCG’s effect on innate immunity. Metformin inhibited the induction of altered immunity by
BCG, as shown by a temporarily decreased induction of cytokine responses and lactate production upon secondary stimulation. We
have also seen that metformin in vitro totally inhibits the normal BCG conversation of lymphoid cells from high oxidative
phosphorylation to aerobic glycolysis [33]. This effect of metformin, now confirmed by two different research groups, may be the
reason why reduced HbA1c in T2Ds are not observed post-BCG instillation for bladder cancer. But the protective trend can be
observed in population based studies with neonatal vaccines, a time without metformin interference.

The molecular pathway for bladder cancer strongly appears to also involve expression of KDM2B, as well as the mTOR pathway
[44,45]. And BCG’s further activation of the mTOR pathway appears contradictory towards the treatment of bladder cancer.
However, the effect of BCG may be multi-faceted, either directly affecting the cancer cells, or epigenetically reprogramming
peripheral blood cells to combat the tumorous cells more effectively. Interestingly, the mechanism of metformin appears
advantageous for bladder cancer. It has been observed to potentially prolong the recurrence interval; however, the rate of
recurrence itself did not appear affected [46]. With regards to diabetes, a recent Nature Vaccines publication did show beneficial
effects of BCG on T2D mice, suggesting the need for further investigation [47]. Taken together, this data suggests that subjects in
future double-blinded placebo-controlled trials studying the effects of BCG on T2D need to be free from metformin therapy.

The mechanism for BCG as a bladder therapy showing a beneficial effect described above may not fully reflect the story in bladder
cancer, as multi-dosing may be a key aspect for the beneficial aspects around BCG. Even within our group, previous studies show
that two-doses of BCG were needed to induce lowered HbA1c in humans [14]. This was also true many years ago even in mouse
models of type 1 diabetes, multi-dosing led to better efficacy [48]. Patients undergoing treatment for non-muscle invasive bladder
cancer have 6 high doses of BCG (50mg of BCG) administered over 6 weeks. A phase III clinical trial using reduced frequency of
BCG instillations displayed increased likelihood for the recurrence of bladder cancer [49]. The data in the field suggests that
multiple doses of BCG are needed for appropriate immune system re-programming.

An analysis of neonatal BCG vaccination programs and the incidence of T1D showed that countries currently administering the
vaccine at birth had a lower incidence of this disease. The data are observational and, to our knowledge, no clinical trial of multi-
dosing BCG in childhood to prevent T1D has been conducted. Previous studies in mice have also suggested the possibility that
BCG may help prevent T1D [50–52]. Interestingly, children receiving at least two doses of the Moscow BCG strain, with the first
dose being in the newborn period, have displayed a lower incidence of T1D in an observational study from Turkey [20]. Data from
Greece also suggests childhood BCG administration may prevent T1D [53]. Therefore for the prevention of diabetes with BCG
administered in childhood, the data supports multi-dosing.

BCG is a live attenuated vaccine and likely persists long term in the vaccinated host. The beneficial effects of the BCG vaccine
might be emulated by other live vaccinations such as the Rotavirus vaccine [54]. The choice of the live vaccine for treatment of
prevention of autoimmunity or other off-target beneficial effects of vaccines will likely relate to the long term safety of each vaccine,
especially with regards to childhood vaccinations.

In conclusion, three different patient datasets showed decreased HbA1c’s post-BCG intravesical instillation for bladder cancer, even
though the T1D subjects were elderly and had longstanding disease. The data suggests that BCG helps regulate blood sugars in
T1D patients. We observed that multi-dosing of BCG elicited a beneficial response. Previous studies using a single dose of BCG
did not show promising results, whereas those with multi-dosing have generated promising ones. The interval between doses,
number of doses required, and BCG strain require further investigation. Additionally, more thorough investigations into the
possibility of prevention of T1D and T2D should also be conducted based on the observed associations between neonatal BCG
vaccinations programs and diabetes incidence. Because of the potential interference of metformin with the BCG mechanism of
action, future randomized double blinded controlled trials should exclude metformin use by T2D subjects. Interestingly, a recent
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publication from Quebec, Canada [55], found that BCG vaccinated individuals were at a lower risk of T1D, and also might be at a
lower risk for T2D as well. Further studies are warranted to validate the potential beneficial effects of BCG on diabetes, including
the need for multiple doses, or a particular strain.

Limitations

All of the data assessed in this study were observational and causality cannot be implied. A number of potential confounders need
to be addressed before making a conclusion and warrants further investigation into the observations we have come across in our
study. Some of these confounders involve lifestyle choices, health expenditure, development, healthcare resource availability,
diagnostic ability, and hunger index for T2Ds. Furthermore, since the majority of T2Ds are on metformin, we could not adequately
assess BCG’s impact on prevention. Our analysis of the GHDx dataset suggests that the BCG’s promising results for prevention
may translate to gains in prevention of T2D provided that patients are not taking metformin.
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