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Abstract

Pancreatic adenocarcinoma aetiology is complex and incompletely understood, and with
incidence and mortality rate increasing annually, discovery of associated risk factors is
essential. One such risk factor is ABO blood group phenotype; however, conflicting study
results make it unclear whether individuals with one ABO phenotype are more at risk than
individuals with a different ABO phenotype. Therefore, a meta-analysis was performed
comparing the risk of pancreatic cancer development between individuals with different ABO
blood group phenotypes. Database searches were conducted using the search terms ABO
blood group OR ABO blood type AND pancreatic cancer OR pancreatic adenocarcinoma OR
pancreatic carcinoma, and a meta-analysis was then conducted on eligible studies. Twenty-
one studies totalling 5,952,008 participants were analysed. The odds ratios (OR) for the
comparison of pancreatic cancer development between individuals with different ABO
phenotypes were determined; A vs. B (1.20, p=0.0002), AB (1.16, p=0.007), and O (1.38,
p<0.00001); B vs. A (0.84, p=0.0002), AB (0.94, p=0.14), and O (1.16, p=0.0005); AB vs. A
(0.86, p=0.007), B (1.06, p=0.14), and O (1.20, p=0.001); O vs. A (0.72, p<0.00001), B (0.86,
p=0.0005), and AB (0.83, p=0.001). Individuals with blood group A have a significantly
increased risk of pancreatic cancer development compared to all other ABO phenotypes,
whereas blood group O individuals are significantly less at risk compared to all other ABO
phenotypes. These results could influence eligibility of individuals for future pancreatic
cancer screening programmes; however, further research is required to determine the
mechanism by which ABO phenotypes can promote tumorigenesis.

Keywords: Pancreatic adenocarcinoma, ABO blood group, ABO phenotypes, risk factors,
cancer development
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Introduction

In the UK, pancreatic cancer is the 10th most common cancer and is soon expected
to become one of the top three leading causes of cancer mortality (Rawla et al.,
2019). Globally, there were approximately 495,000 new cases of pancreatic cancer
in 2020 and 466,000 deaths attributed to the malignancy in the same year (Sung et
al., 2021). There are two main types of pancreatic cancer; the most common of
which is pancreatic adenocarcinoma which accounts for approximately 90% of cases
and originates in the pancreatic exocrine glands, and the second type is pancreatic
neuroendocrine tumours which arise in the pancreatic endocrine tissue and make up
less than 5% of cases (Hidalgo et al., 2015). The malignancy is classified into 4
stages based on the tumour’s clinical features; stage 1 cancer is localised to the
pancreas only, measuring up to 4cm in size; stage 2 is found in the pancreas or
spread to local lymph nodes and is larger than 4cm; stage 3 may have spread to
blood vessels or nerves nearby; stage 4 pancreatic cancer has spread to other
tissues (De La Cruz et al., 2014). Pancreatic adenocarcinoma does not typically
present symptoms during early stages; therefore, diagnosis usually occurs when
symptoms have manifested at stage 3 or 4 by which time the tumour is unresectable,
resulting in poor prognosis (Rawla et al., 2019) and a 5-year survival rate of just 3-
7% (Wang et al., 2020). With incidence increasing annually, understanding the
disease pathogenesis and managing associated risk factors is essential. Pancreatic
cancer has a complex aetiology that is not fully understood; however, smoking,
obesity, type-2 diabetes, and chronic pancreatitis have been found to increase the
risk of pancreatic cancer development (Mizrahi et al., 2020). Additionally, 5-10% of
cases are expected to be due to specific genetic predispositions such as inheriting
the BRCA2 mutation, having Lynch syndrome (Rawla et al., 2019), or potentially
having a particular ABO blood group phenotype (hereafter referred to as ABO
phenotype).

The ABO blood group is one of the main human blood group systems and
classification is based on the expression of A and B antigens (Daniels, 2008). These
antigens are oligosaccharides bound to lipids or proteins on the extracellular surface
of red blood cell (RBC) membranes and determine whether an individual is blood
group A, B, AB, or O (Rummel and Ellsworth, 2016). Located on chromosome
9g34.2, the ABO gene has three alleles, A, B, and O, that encode A and B
glycosyltransferases and an inactive glycosyltransferase, respectively. The A and B
alleles differ by seven nucleotide substitutions, and so the glycosyltransferase
enzymes encoded have different specificities, facilitating the production of different
antigens, A and B (Storry and Olsson, 2009), as seen in figure 1. As the expression
of ABO alleles is codominant (Calafell et al., 2008), inheritance of one copy of each
allele results in the production of both glycosyltransferases and subsequently, both
antigens, creating the AB phenotype (Franchini et al., 2016). However, the O variant
of the ABO gene has a single base deletion at position 261 causing a frameshift that
results in a premature stop codon (Rummel and Ellsworth, 2016). This subsequently
results in the production of a truncated, non-functioning glycosyltransferase which is
unable to modify the precursor H antigen. Inheritance of two copies of the O allele
results in a complete lack of glycosyltransferase activity and hence lack of A or B
antigen production, giving rise to blood type O (Franchini et al., 2016). Along with the
existence of A and B antigens on RBC membranes, ABO phenotypes are also
associated with serum antibodies that occur naturally against the antigen that is not
present on the RBC surface, for example blood group B individuals have anti-A
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Figure 1: The biosynthetic pathways for the formation of the ABO blood group antigens. The
H antigen is formed by the attachment of a fucose group to the terminal galactose residue of
a H precursor molecule by a a1,2-fucosyltransferase. The H antigen then serves as a
precursor for the production of the ABO blood group antigens. The A allele encodes the A-
glycosyltransferase which catalyses the attachment of N-acetylgalactosamine to the
galactose residue on the H antigen, forming the A antigen. Similarly, the B antigen encodes
the B-glycosyltransferase which catalyses the attachment of D-galactose to the galactose
residue of the H antigen, producing the B antigen. The O allele encodes an inactive
glycosyltransferase enzyme that is unable to alter the H antigen, leaving it with a single
fructose moiety as the terminal residue (Storry and Olsson, 2009; Franchini et al., 2016). R
represents the core structure of the H precursor. Fuc: fucose, Gal: D-galactose, GalNAc: N-
acetylgalactosamine, GIcNAc: N-acetylglucosamine (Image created using BioRender;
adapted from Watkins, 2001 and Hosoi, 2008)

antibodies and blood group O individuals have anti-A and anti-B antibodies (Calafell
et al., 2008). After the discovery of the 4 basic ABO phenotypes, it was found that
some blood group A RBCs reacted differently to an antibody named anti-A1, and so
blood group A was split into A1 and A2 phenotypes; both react with anti-A, but only A1
phenotypes also react with anti-A1 (Storry and Olsson, 2009). In addition to the
surface of erythrocytes, ABO antigens are expressed in bodily fluids and on several
other human cell and tissue types, including platelets, vascular endothelium, and
epithelium; therefore, extending the clinical importance of this blood group system
further than its previous haematological and transfusion medicine boundaries
(Franchini and Lippi, 2015).

The ABO blood group has been associated with the development of many diseases
including cardiovascular diseases such as coronary heart disease and
thromboembolisms (Franchini and Lippi, 2015), infectious diseases such as malaria
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and cholera (Anstee, 2010), and cancer, including pancreatic cancer. Since 1960,
studies have established a significant link between the ABO blood group and
pancreatic cancer development, leading to a plethora of investigations studying the
risk of cancer development between individuals with different ABO phenotypes.
However, due to conflicting results, it remains unclear whether individuals with one
ABO phenotype are more at risk of pancreatic cancer development compared to
individuals with a different ABO phenotype. For example, a study by Wolpin et al.
(2009) found that participants with blood type B had the highest risk of pancreatic
cancer development compared to those with blood group O, whereas Engin et al.
(2012) found that individuals with blood group A had a significantly higher risk of
pancreatic cancer and blood group AB individuals had a significantly lower risk. The
first and only meta-analysis examining ABO phenotypes and risk of pancreatic
cancer was published in 2013 and summarised data collected between 2006 and
2011 (Risch et al., 2013), so it was beneficial to update this analysis and integrate
data collected from recently published studies. Surgery provides the best treatment
for pancreatic cancer and drastically increases survival rate; however, this option is
only available for patients with non-invasive cancer (Rizzato et al., 2013), therefore,
identification and diagnosis in the early stages or precursive intraepithelial neoplastic
stage is essential. Uncovering genetic risk factors, such as ABO phenotype, will
potentially provide selection criteria for identifying at-risk individuals that may benefit
from the establishment of pancreatic screening programmes, leading to early
diagnosis, reduced mortality, and increased survival rate of this disease (Lennon et
al., 2010).

The aim of this meta-analysis was to compare the risk of pancreatic cancer
development between individuals with different ABO blood group phenotypes to
establish whether individuals with one ABO phenotype are more at risk of pancreatic
cancer development than individuals with a different ABO phenotype.

Methodology

Search strategy

Systematic searches of the literature were performed using PubMed, Primo, and
Web of Science databases for studies investigating an association between ABO
phenotypes and pancreatic cancer development. In addition, the reference lists of
relevant reviews, meta-analyses and studies were searched to identify further
studies for inclusion. The search strategy included the search terms “ABO blood
group” OR “ABO blood type” AND “pancreatic cancer” OR “pancreatic
adenocarcinoma” OR “pancreatic carcinoma”. Multiple combinations of these search
terms, listed in table 1, were used in each database to ensure that all relevant
studies were retrieved and to reduce search bias. Searches of the literature were
conducted up until 15" January 2021.
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Table 1: Combinations of the search terms used in PubMed, Primo, and Web of Science
databases to identify and retrieve all relevant studies for potential inclusion in the meta-
analysis.

Combination of search terms used

“ABO blood group” and “pancreatic cancer”

“ABO blood group” and “pancreatic adenocarcinoma”

“ABO blood group” and “pancreatic carcinoma”

“ABO blood type” and “pancreatic cancer”

“ABO blood type” and “pancreatic adenocarcinoma”

“ABO blood type” and “pancreatic carcinoma”

“ABO blood group” or “ABO blood type” and “pancreatic cancer”

“ABO blood type” or “ABO blood group” and “pancreatic adenocarcinoma”
“ABO blood type” or “ABO blood group” and “pancreatic carcinoma”

“ABO blood type” or “ABO blood group” and “pancreatic cancer” or “pancreatic
adenocarcinoma”

“ABO blood type” or “ABO blood group” and “pancreatic cancer” or “pancreatic
carcinoma”

“ABO blood type” or “ABO blood group” and “pancreatic carcinoma” or “pancreatic
adenocarcinoma”

“ABO blood group” and “pancreatic cancer” or “pancreatic adenocarcinoma”
“ABO blood group” and “pancreatic cancer” or “pancreatic carcinoma”

“ABO blood group” and “pancreatic carcinoma” or “pancreatic adenocarcinoma”
“ABO blood type” and “pancreatic cancer” or “pancreatic adenocarcinoma”
“ABO blood type” and “pancreatic carcinoma” or “pancreatic adenocarcinoma”
“ABO blood type” and “pancreatic cancer” or “pancreatic carcinoma’

“ABO blood group” and “pancreatic cancer” or “pancreatic adenocarcinoma” or
“pancreatic carcinoma”

“ABO blood type” and “pancreatic cancer” or “pancreatic adenocarcinoma” or
“pancreatic carcinoma”

“ABO blood group” or ABO blood type” and “pancreatic cancer” or “pancreatic
carcinoma” or “pancreatic adenocarcinoma”

Selection criteria

Eligibility of the literature was assessed, and articles were included if: (1) the study
was a case-control or cohort study; (2) frequencies of each ABO phenotype were
reported for participants with and without pancreatic cancer; and (3) the study
reported more than 100 pancreatic cancer cases. Studies were considered
regardless of publication language, publication date, and publication country to
reduce search bias. Studies published in non-English languages (n=1) were
translated using Google translate. Review papers and meta-analyses were excluded.
Studies that did not have the desired outcome measure or lacked a healthy control
group (in the instance of case-control studies) were excluded. Studies that
investigated the development of cancers other than pancreatic adenocarcinoma
(including pancreatic neuroendocrine tumours), or the development of benign
pancreatic conditions (e.g., pancreatitis), or investigated associations with blood
groups other than ABO, were all excluded. Studies that presented data as
percentages or odds ratios rather than exact numbers were considered to have
insufficient data and were excluded, as were studies that did not include the number
of participants with each ABO phenotype separately. If data was published in more
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than one study, only the study providing the most information was included. Access
to full articles was limited in some cases which restricted the number of studies that
could be assessed for inclusion in the meta-analysis.

Data extraction

From the selected studies, information was extracted, including basic information of
the studies, such as authors, publication year, and study design; characteristics of
the study population, including country in which the study was conducted, and the
source of the control group (in case-control studies); and the outcome measure
which was the number of participants with and without pancreatic cancer in each
study.

Participants

This meta-analysis analysed case-control and cohort studies that had reported the
incidence of pancreatic adenocarcinoma in participants who were either blood type
A, B, AB, or O.

Intervention(s), exposure(s)
This meta-analysis considered the ABO blood group phenotype of each participant
to be the exposure.

Comparator(s) and control group

This analysis compared the incidence of pancreatic cancer in participants with one
ABO phenotype with the incidence of pancreatic cancer in participants with each of
the other three ABO phenotypes. Four analyses were conducted where each ABO
phenotype was used as the main comparator group sequentially for comparison
against each of the other ABO phenotypes that were added as subgroups. For more
detail, refer to the statistical analysis section.

Outcome(s)
The outcome analysed in this meta-analysis was the incidence of pancreatic
adenocarcinoma for each ABO phenotype.

Statistical analysis

Odds ratios (ORs) were calculated for the dichotomous data for A vs. B, AB, and O,
B vs. A, AB, and O, AB vs. A, B, and O, and O vs. A, B, and AB based on the
number of participants that had pancreatic cancer and the number that did not have
pancreatic cancer with each ABO phenotype. Subgroup analyses were conducted to
compare the incidence of pancreatic cancer between individuals with one ABO
phenotype and individuals with each of the other three ABO phenotypes. Four
separate analyses were conducted; a different ABO phenotype (A, B, AB, or O) was
used as the main comparator group in each analysis with the other three ABO
phenotypes added as subgroups. In each of the analyses, the outcome of the main
comparator ABO phenotype was compared to the outcome of each of the subgroup
ABO phenotypes sequentially to calculate respective ORs. An odds ratio is a
measure of association between an exposure and an outcome. The OR represents
the odds that an outcome will occur given a particular exposure, compared to the
odds of the outcome occurring in the absence of that exposure. Forest plots were
produced to assess the ORs and 95% confidence intervals across studies, and p
values <0.05 were considered significant. Heterogeneity of ORs between studies
was evaluated by the I? statistic, where a value of 0% suggests no evidence of
heterogeneity, 50% was considered moderate heterogeneity, and a value of 100%
indicates considerable heterogeneity between studies. Publication bias was
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evaluated on visual inspection of funnel plots where presence of bias would result in
a non-symmetrical graph. All analyses were performed using RevMan 5.4.1 (Nordic
Cochrane Centre, Copenhagen, Denmark). A random-effects inverse variance model
was used throughout the analysis.

Results

Literature search

Using the search strategy, 3,450 articles were retrieved. After screening the title and
abstracts, 3,412 were excluded as they were either irrelevant, a review article, or a
duplicated study, and 38 remained for full-text review. Following this, 19 were
excluded for reasons listed in table 2, and 2 additional studies were identified in the
reference lists of candidate articles and fulfilled the inclusion criteria. In total, 21
studies met the inclusion criteria and were included in the meta-analysis. The
process of study selection is demonstrated in figure 2.

Table 2: Studies excluded from the meta-analysis following full text assessment due to not
meeting the inclusion criteria of being a case-control or cohort study, reporting the
frequencies of each ABO phenotype for participants both with and without pancreatic cancer,
and reporting more than 100 pancreatic cancer cases. The reason(s) for exclusion of each
study are listed.

Study Reason for exclusion
Amundadottir et al., | Analyses data from an already included study
2009

Antwi et al., 2018
Gong et al., 2012

Analyses data from an already included study

Data expressed as percentages and inappropriate control group
using individuals diagnosed with other types of cancer

Less than 100 cancer cases

No data for control group without pancreatic cancer

No healthy control group without pancreatic cancer

Hsiao et al., 2015
lodice et al., 2010
Kos et al., 2012

Lennon et al., 2010
Li et al., 2015

Li et al., 2020
MacAfee 1964
Pelzer et al., 2013
Risch et al., 2010
Risch et al., 2015
Tanaka et al., 2020
Vasan et al., 2016
Wang et al., 2012b

Wolpin et al., 2010b
Xu et al., 2014

Zhang et al., 2014

Review article

No healthy control group without pancreatic cancer

No healthy control group without pancreatic cancer

Data for blood groups B and AB were combined

Data expressed as percentages

A, B and AB data were combined as non-O

A, B and AB data were combined as non-O

No healthy control group without pancreatic cancer

No data for blood group O

No healthy control group without pancreatic cancer and no data for
the number of pancreatic cancer cases with each blood group
phenotype separately

Analyses data from an already included study

No raw data for number of people with each blood group
phenotype

Meta-analysis and review
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Articles identified through literature searches (n=3450)
¢ PubMed(n=1002)
¢+ Web of Science (n=1603)
¢ Primo (n=845)

Articles excluded based on title and/or
abstract; irrelevant, review articles or
duplicate studies (n=3412)

v

v
Full text articles assessed for eligibility (n=38)

‘ Articles identified in the reference lists of
candidate articles (n=2)

Articles excluded based on full-text
screening (n=19)

Insufficientdata (n=7)

Review article (n=2)

Lack of healthy control group (n=6)
Less than 100 cancercases (n=1)
Duplicated data from an already
included study (n=3)

v

Studies included in the meta-analysis (n=21)

Figure 2: A consort figure demonstrating the process of study selection for inclusion in the
meta-analysis. Each stage of the screening process is stated including reasons why articles
were excluded at each stage and how many articles were left for inclusion in the meta-
analysis (n represents the number of articles).

Study characteristics

The 21 studies included in the meta-analysis had a total of 5,952,008 participants,
15,924 of which had pancreatic adenocarcinoma. The characteristics of the included
studies are summarised in table 3. These studies were conducted in 10 countries,
published between 1960 and 2019. The source of the control groups in the case-
control studies were mainly blood donors, hospital patients with no history of cancer,
or randomly selected residents.

Blood groups and risk of pancreatic cancer

Of the 15,924 pancreatic cancer cases, 6,491 patients had blood type A (41%),
4,913 had blood type O (31%), 3,251 had blood type B (20%), and 1,269 patients
had blood type AB (8%).

Blood group A

In total, 6,491 of 2,238,174 (0.29%) type A participants had pancreatic cancer
compared with 9,433 of 3,713,834 (0.25%) of non-A participants.
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Table 3: The characteristics of studies included in the meta-analysis comparing the risk of
pancreatic cancer between individuals with different ABO blood group phenotypes

No. of
Study Country dStuqy pancreatic | No. of Source of cqntrol group (case-
esign cancer controls | control studies only)
cases
Aird et UK Case- 620 62,800 Blood donors
al., 1960 control
Ben et China Case- 1,431 1,449 Hospital patients with acute
al.,, 2011 control conditions
Egawa et | Japan Case- 883 4,465,349 | General Japanese population
al. 2013 control
El Jellas | Norway Case- 195 379 Blood donors
et al., control
2017
Engin et | Turkey Case- 132 350 Blood donors
al., 2012 control
Greer et | USA Case- 274 708,842 Blood donors
al., 2010 control
Huang et | China Prospective | 162 17,907 N/A
al., 2017 cohort
Klein et USA Case- 2,002 2,207 Randomly selected residents,
al., 2013 control friends and family of hospital
patients, or hospital patients — all
with no history of cancer
Li et al., China Case- 264 423 Hospital inpatients with non-
2018 control malignant diseases
Liu et al., | China Case- 3,063 200,660 Hospital patients without
2019 control pancreatic cancer
Nakao et | Japan Case- 185 1465 Non-cancer hospital outpatients
al,, 2011 control
Newell et | USA Case- 137 4995 Volunteers who donated blood to
al., 1974 control the hospital
Rahbari Germany | Case- 627 13,044 Hospital patients without
et al., control pancreatic cancer
2012
Risch et | China Case- 846 971 Randomly selected Shanghai
al., 2013 control residents without malignant
disease
Rizzato Europe Case- 1,026 2,275 Blood donors and healthy
et al., control volunteers
2013
Sun et Taiwan Prospective | 156 339,276 N/A
al., 2015 Cohort
Wang et | China Case- 627 711 Hospital patients with non-
al., control malignant diseases
2012a
Wolpin USA Prospective | 316 107,187 N/A
et al., cohort
2009
Wolpin USA Case- 1,534 1,583 Healthy matched controls based on
et al., control age, gender, and ethnicity
2010a
Woo et Korea Case- 753 3,012 Healthy individuals in the Cancer
al., 2013 control Screening Cohort
Zhou China Case- 691 1,199 Hospital patients with non-tumour
and Li, control or endocrine disease
2005
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The ORs for the comparison of risk of pancreatic cancer development for blood
group A vs. B, AB, and O are 1.20 (95% confidence interval [CI]: 1.09, 1.32; 12 =
65%; p=0.0002), 1.16 (CI: 1.04, 1.30; 12 = 45%; p=0.007), and 1.38 (CI: 1.31, 1.46; I
= 23%; p<0.00001) respectively (Figure 3). The odds of developing pancreatic
cancer are significantly higher for blood group A individuals compared with the odds
of individuals of all other blood group phenotypes.

Blood group B

In total, 3,251 of 1,257,448 (0.26%) type B participants had pancreatic cancer
compared with 12,673 of 4,694,560 (0.27%) of non-B participants. The ORs for the
comparison of risk of pancreatic cancer development for blood group B vs. A, AB,
and O are 0.84 (Cl: 0.76, 0.92; I = 65%; p=0.0002), 0.94 (CI: 0.87, 1.02; I? = 3%;
p=0.14), and 1.16 (ClI: 1.07, 1.27; |1 = 51%; p=0.0005) respectively (Figure 4). The
odds of developing pancreatic cancer are significantly lower for individuals with blood
group B compared with the odds of individuals with blood group A. However, the
odds of developing pancreatic cancer are significantly higher for individuals with
blood group B compared with the odds of individuals with blood group O. There are
slightly reduced odds of blood group B individuals developing pancreatic cancer
compared with the odds of individuals with blood group AB, but this is not significant
(p=0.14).

Blood group AB

In total, 1,269 of 533,180 (0.24%) type AB participants had pancreatic cancer
compared with 14,655 of 5,418,828 (0.27%) of non-AB participants. The ORs for the
comparison of risk of pancreatic cancer development for blood group AB vs. A, B,
and O are 0.86 (Cl: 0.77, 0.96; |12 = 45%; p=0.007), 1.06 (Cl: 0.98, 1.15; 1> = 3%);
p=0.14), and 1.20 (ClI: 1.07, 1.34; |1 = 42%; p=0.001) respectively (Figure 5). The
odds of developing pancreatic cancer are significantly lower for individuals with blood
group AB compared with the odds of individuals with blood group A. However, the
odds of developing pancreatic cancer are significantly higher for individuals with
blood group AB compared with the odds of individuals with blood group O. There are
slightly increased odds of blood group AB individuals developing pancreatic cancer
compared with the odds of individuals with blood group B, but this is not significant
(p=0.14).

Blood group O

In total, 4,913 of 1,923,206 (0.26%) type O participants had pancreatic cancer
compared with 11,011 of 4,028,802 (0.27%) of non-O participants. The ORs for the
comparison of risk of pancreatic cancer development for blood group O vs. A, B, and
AB are 0.72 (Cl: 0.69, 0.76; 12 = 22%; p<0.00001), 0.86 (CI: 0.79, 0.94; 12 = 51%;
p=0.0005), and 0.83 (Cl: 0.75, 0.93; 12 = 42%; p=0.001) respectively (Figure 6). The
odds of developing pancreatic cancer are significantly lower for individuals with blood
group O compared with the odds of individuals of all other blood group phenotypes.

10



The Plymouth Student Scientist, 2021, 14, (2), 1-26

Blood group A Subgroup blood group Odds Ratio Odds Ratio
Study or Subgroup Events. Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 Blood group B
Aird et al, 1960 285 257249 47 5615 4.5% 1.33[0.97,1.81]
Ben etal, 2011 a0y 934 359 7ET 6.4% 1.35[1.11,1.63]
Egawaetal, 2013 ar3 1T2E323 203 9891549 6.8% 1.05 [0.85, 1.258] I
ElJellas etal, 2017 ag 253 25 1 2.3% 1.18 [0.68, 2.05] —
Engin etal, 2012 63 198 149 249 2.0% 1.93 [1.07, 3.46]
Greer etal, 2010 131 2TT264 38 arzon 3.9% 1.08 [0.76, 1.56] —
Huang etal, 2017 53 5586 47 4891 35% 0.99 [0.67, 1.46] /1
Kleinetal, 2013 895 1827 238 472 6.2% 0.94 [0.77,1.16] ™
Lietal, 2018 95 201 TE 217 3.5% 1.66 [1.12, 2. 46]
Livetal, 2019 1108 SE268 859 65836 8.0% 1.52[1.29, 1.66]
Makao etal. 2011 84 Ba7 40 364 3.8% 1.20[0.81,1.80] 7
Mewell et al, 1974 43 1476 27 969 2.7% 1.058 [0.64,1.71] —
Rahbari etal., 2012 328 6131 73 1645 5.3% 1.21 [0.94,1.57] I
Risch etal, 2013 319 296 216 492 2.6% 1.47 [1.16,1.87]
Rizzato et al,, 2013 a15 1483 120 415 5.6% 1.31 [1.03, 1.66]
Sun etal, 2015 a0 anarz 45 8261 3.4% 1.01 [0.67,1.51] —
Wang etal, 2012 203 383 166 338 4.8% 1.14 [0.85,1.53] 7
Wolpin et al,, 2009 118 3BEET 56 14152 4.4% 0.77 [0.56, 1.06] ]
Wiolpin et al, 2010 7oo 1342 226 421 5.9% 0.94 [0.76,1.17] I
Voo etal, 2013 285 1285 203 1043 6.2% 118 [0.96,1.44] b
Zhou and Li, 2005 233 580 168 531 5.59% 1.45[1.13,1.86]
Subtotal {95% CI) 2238175 1257448 100.0% 1.20 [1.09, 1.32]
Total events Fd491 3251

Heterogeneity: Tau®= 0.03; Chi*= 57.01, df= 20 (P = 0.0001); F= 65%
Test for overall effect: Z= 3.67 (P = 0.0002)

3.1.2 Blood group AB

Aird et al., 1860 285 25729 16 1897 3.4% 1.32[0.79,2.18] —
Ben etal, 2011 A07 a34 156 291 7.3% 1.03[0.79,1.34] —
Egawa et al., 2013 373 1726323 90 444569 8.2% 1.07 [0.85,1.34] —
ElJellas etal, 2017 39 253 5 22 1.0% 218 [0.78,6.11]

Engin etal, 2012 68 198 B 45 1.3% 3.40[1.37, 8.43]

Greeretal, 2010 131 277264 17 32679 3.4% 0.91 [0.55,1.51] —
Huang et al,, 2017 53 5586 15 1880 2.8% 1.20[0.67,2.13] —
Klgin etal, 2013 895 1827 a7 177 B.3% 078 [0.58,1.08] —
Lietal, 2018 95 201 31 62 2.9% 0.90[0.51,1.58] —
Liuetal, 2018 1108 56268 298 20363 10.8% 1.35[1.19,1.54]

Makao etal 2011 85 BST 22 163 34% 0.85 [0.58, 1.58] —
Mewell et al., 1974 43 1476 7 233 1.6% 0.97 [0.43, 2.18] E—
Rahbari etal., 2012 328 6151 30 707 5.0% 1.27 [0.87,1.86] —
Rizzato et al., 2013 515 1483 48 190 5.7% 1.57[1.12,2.22]

Sun etal, 2015 50 90872 10 20279 2.2% 1.11 [0.57, 2.20]

Wang etal, 2012 201 383 32 83 3T% 187 [1.22,317]

Wolpin et al., 2000 118 38667 33 B4B4  4.8% 0.78[0.53,1.15] —
Wolpin et al, 2010 700 1342 a7 186 6.4% 1.00[0.74,1.36] —
Woo etal, 2013 285 1285 94 463 T7.4% 1.12[0.86,1.45] —
Zhou and Li, 2005 233 580 75 211 6.0% 1.22 [0.88,1.69] —
Subtotal (95% CI) 2238175 533180 100.0% 1.16 [1.04, 1.30]

Total events 5491 1289

Heterogeneity: Tau®= 0.02; Chi*= 36.12, df= 20 (P = 0.01}); F= 45%
Test for overall effect: Z= 2 68 (P = 0.007)

3.1.3 Blood group O

*
Rischetal, 2013 g 06 a0 200 B 1% 1.41[1.02,1.94] S
<>
—-—
+

Aird et al, 1860 285 25720 272 30178 TA% 1.23[1.04,1 45]
Ben etal, 2011 507 934 408 g8 6.2% 1.38[1.16,1.67]

Egawa et al., 2013 373 1726323 217 1306141 T.1% 1.30[1.10,1.54]

Elellas etal, 2017 549 253 6 228 1.8% 158 [1.08, 2.31]

Engin etal, 2012 58 198 39 150 1.2% 1.48[0.93, 2.38] 1
Greeretal, 2010 131 277264 EE] 311883  2.3% 1.67[1.28,2.19]

Huang et al, 2017 53 5586 47 702 17% 116 [0.78,1.71] —
Klein et al, 2013 895 1827 772 1733 9.6% 1.20 [1.05,1.38]

Lietal, 2018 95 201 62 07 1.6% 2101[1.40,3.15]

Liuetal, 2014 1108 A6IES 7as E1256 137% 162 [1.39,167]

Makao etal. 2011 85 65T 38 466 1.6% 1.67 [1.12, 2.500

Mewell et al., 1974 43 1476 60 2454 1.7% 1.20[0.80,1.78] —_—
Rahbari etal, 2012 328 6151 106 1BS  63% 1.43[1.19,1.71]

Risch etal, 2013 318 506 221 520 4.2% 1.60 [1.27, 2.03]

Rizzato et al., 2013 515 1483 343 1213 7.2% 1.35[1.14,1.59]

Sunetal, 2015 50 90872 51 145550 1.7% 157 [1.06,2.32]

wang etal., 2012 201 383 228 528 3.5% 1.45[1.12,1.89]

Wolpin et al., 2008 118 38667 108 46220 36% 1.28[1.00,1.68]

Wolpin et al,, 2010 700 1342 511 1188 7.7% 1.40 [1.20,1.54]

W¥oo etal, 2013 285 1285 171 974 5.0% 1.34 [1.08,1.65]

Zhou and Li, 2005 233 &80 215 ABO 4.2% 111 [0.87,1.40] —
Subtotal (95% CI) 2238175 1923206 100.0% 1.38 [1.31, 1.46]

Total events 5491

4813
Heterogeneity: Tau®= 0.00; Chi®= 2599, df=20 (P =017), F= 23%
Testfor overall effect: Z=11.84 (P = 0.00001}

0.5
d group Al Favours [Subgroup]

0.2
Favours [Bloo

Figure 3: Forest plot showing the odds of developing pancreatic cancer between blood
group A and each non-A blood group (B, AB, and O) that is listed separately as a subgroup.
Events describe the number of participants that have pancreatic cancer with the given ABO

blood group phenotype, and the total describes the total number of participants with the

given ABO blood group phenotype (participants with pancreatic cancer and participants
without pancreatic cancer). The tables summarize each study within each subgroup, and the
graphs plot the odds ratio (OR) of each study within the subgroup (blue squares with black
whiskers indicating 95% confidence intervals [Cl], area of each square represents the
relative weight of the study in the subgroup analysis) and the overall OR of each subgroup

(the centre of the black diamond indicates the overall OR and the width of the diamond

indicates the 95% CI)
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Blood group B

Subgroup blood group

Odds Ratio

Odds Ratio

Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Blood group A
Aird et al., 1960 47 5615 285 257249 4.5% 0,745 [0.55,1.03]
Benetal, 2011 359 TEY a0v 934 B.4% 0.74 [0.61, 0.90] —
Egawa etal, 2013 203 989199 e 1726323 6.8% 0.95[0.80,1.13] T
ElJellas etal, 2017 25 71 ag 253 2.3% 0.85 [0.49, 1.46] —
Enginetal., 2012 19 89 63 198 2.0% 0.52 [0.29,0.93]
Greeretal, 2010 ag arzao 13 277264 3.9% 0.92 [0.64, 1.32] I R
Huang etal, 2017 47 4891 53 5586 3.8% 1.01 [0.68, 1.50] I —
Klein etal, 2013 238 472 8495 1827 6.2% 1.06 [0.87,1.20] T
Lietal, 2018 7B 217 a5 2m 3.5% 0.60 [0.41, 0.89] e e—
Liu etal, 2019 859 65836 1108 S6268 8.0% 0.66 [0.60, 0.72] -
Makao etal. 2011 40 364 a5 BaA7 3.8% 0.23 [0.56, 1.24] —
MNewell etal., 1974 a7 969 43 1476 27% 0.96 [0.559, 1.56] I
Rahhari etal, 2012 73 1645 328 6151 5.3% 0.82 [0.64,1.07] T
Rischetal, 2013 216 492 319 2496 5.6% 0.68 [0.53, 0.86] I
Rizzato etal., 2013 120 414 814 1483 5.6% 0.76 [0.60, 0.97] I
Sunetal, 2015 45 82631 a0 90972 3.4% 0.94 [0.66, 1.48] . E—
Wangetal, 2012 166 338 201 383 4.8% 0.87 [0.65,1.17] I
Wolpin etal., 2009 56 14152 118 3JBEET 4.4% 1.30[0.94,1.78] T
Walpin etal., 2010 226 421 Joo 1342 5.9% 1.06 [0.85,1.32] I pa—
oo etal, 2013 203 1043 285 1285 6.2% 0.85 [0.69, 1.04] T
Zhou and Li, 2005 168 531 233 580 5.5% 0.64 [0.54, 0.88] e
Subtotal (95% CI) 1257448 2238175 100.0% 0.84 [0.76, 0.92] <
Total events 3251 6491
Heterogeneity: Tau™= 0.03; Chi®= 57.01, df= 20 (P = 0.0001); F= 65%
Testfor overall effect. 2= 3.67 (P =0.0002)
2.1.2 Blood group AB
Aird et al., 1960 47 5615 16 1897 1.9% 0.99 [0.56, 1.75]
Benetal, 2011 359 TEY 1456 291 8.0% 0.76 [0.58,1.00] ——
Engawa etal, 2013 203 988149 ao 444569 9.4% 1.01 [0.78,1.30] I a—
Eldellas etal, 2017 25 71 5 22 0.5% 1.85 [0.61, 5.61]
Enginetal., 2012 19 89 [ 45 0.6% 1.76 [0.65, 4.79]
Greeretal, 2010 38 87290 17 326749 1.9% 0.84 [0.47,1.48] —
Huang etal, 2017 47 4391 14 1890 1.8% 1.21 [0.68, 2.17] e
Klein etal, 2013 238 472 ar 177 5.0% 0.24 [0.559,1.14] 1
Lietal, 2018 TE 217 i [ 1.9% 0.54 [0.30, 0.95]
Liu etal, 2019 859 65836 298 20362 28.0% 0.89 [0.78,1.02] —
Makao etal. 2011 40 364 22 163 2.0% 0.79 [0.45,1.38] —
Mewell etal., 1974 27 969 7 233 0.9% 0.93 [0.40, 2.15]
Rahhbarietal, 2012 73 1645 20 a7 3.2% 1.05 [0.68, 1.62] I —
Rischetal, 2013 216 4492 ao 200 5.5% 0.96 [0.69, 1.33] T
Rizzato etal., 2013 120 4135 48 190 4.0% 1.20 [0.81,1.78] e
Sunetal, 2015 44 82631 10 20279 1.3% 1.10[0.56, 2.19]
Wang etal, 2012 166 338 3z 249 2.6% 1.72 [1.06, 2.749]
Wolpin etal, 20089 56 14152 33 8464 3.3% 1.01 [0.66, 1.56] I —
Wolpin etal., 2010 226 421 a7 186 5.0% 1.06 [0.75,1.50] e —
Voo etal, 2013 203 1043 a4 463 T.9% 0.95[0.72,1.25] T
Zhou and Li, 2005 168 a3 7a 211 5.3% 0.84 [0.60,1.17] 1
Subtotal {95% CI} 1257448 533180 100.0% 0.94 [0.87,1.02] &
Total events 3281 1269
Heterogeneity: Tau®= 0.00; Chi®= 20.71, df= 20 (P =0.41); F= 3%
Testfor overall effect: Z=1.49 (F=0.14)
2.1.3 Blood group O
Aird et al, 18960 47 8615 272 a017a 4.4%, 0.93 [0.68,1.27] 1
Benetal, 2011 359 TBY 409 =R=] T.0% 1.03 [0.85,1.25] T
Egawa etal, 2013 203 9391499 217 1306141 7.0% 1.24 [1.02,1.50] ——
ElJellas etal, 2017 24 71 66 228 1.9% 1.33 [0.76, 2.39] —
Engin etal., 20132 19 50 30 150 1.6% 077 [0.41,1.44] —
Greeretal, 2010 38 8¥za0 a8 311883 3.4% 1.54 [1.05, 2.26] E—
Huang etal, 2017 47 4891 47 5702 31% 1.17[0.78,1.75] —
Klein etal., 2013 238 472 VT2 1733 B.7% 1.27 [1.03,1.99] —
Lietal, 2018 TE 217 G2 207 31% 1.26 [0.84, 1.90] ]
Liu etal, 2019 =ate] BS836 7as 61256 9.6% 1.00[0.91,1.10] -
Makao etal. 2011 40 364 38 466 2.5% 1.39[0.87,2.22] ]
Mewell etal, 1974 27 a69 B0 2454 2.6% 1.14 [0.72,1.81] —
Rahbarietal, 2012 73 1645 196 9168 a.1% 1.18 [0.90,1.55] I
Rischetal, 2013 216 4492 M 5249 5.7% 1.09 [0.85, 1.40] I
Rizzato etal, 2013 120 415 343 1213 8.7% 1.03 [0.81,1.32] I —
Sunetal, 2015 45 82631 a1 145550 3.2% 1.55[1.04, 2.32] ——
Wang etal, 2012 166 338 228 528 S5.1% 1.27 [0.97,1.67] T
Wolpin etal., 2009 a6 14152 109 46220 4.2% 1.68[1.22,2.32] E—
Wolpin etal, 2010 226 421 a11 1168 B.29% 1.48 118, 1.86] EE—
Voo etal, 2013 203 1043 171 a74 B.29% 113 [0.91,1.42] I
Zhou and Li, 2005 168 531 215 569 5.6% 0.76 [0.59, 0.98] —_—
Subtotal (95% CI) 1257448 1923206 100.0% 1.16 [1.07,1.27] <>
Total events 3291 4913
Heterogeneity: Tau®= 0.02; Chi* = 40.74, df= 20 (P = 0.0043; F= 51%
Testfor overall effect: 7= 347 (P =0.0005)
' ' '
0z 0’5 2

Favours [Blood group Bl Favours [Subgroup]

Figure 4: Forest plot showing the odds of developing pancreatic cancer between blood
group B and each non-B blood group (A, AB, and O) that is listed separately as a subgroup.
Events describe the number of participants that have pancreatic cancer with the given ABO

blood group phenotype, and the total describes the total number of participants with the

given ABO blood group phenotype (participants with pancreatic cancer and participants
without pancreatic cancer). The tables summarize each study within each subgroup, and the
graphs plot the odds ratio (OR) of each study within the subgroup (blue squares with black
whiskers indicating 95% confidence intervals [Cl], area of each square represents the
relative weight of the study in the subgroup analysis) and the overall OR of each subgroup

(the centre of the black diamond indicates the overall OR and the width of the diamond

indicates the 95% CI)
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Blood group AB  Subgroup blood type Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total WWeight IV, Random, 95% CI IV, Random, 95% CI
4.1.1 Blood group A
Aird etal, 1360 16 1887 285 257289 3.4% 0.76 [0.46, 1.26]
Ben etal, 2011 156 291 s07 934 T.3% 0.97 [0.75,1.27] E —
Edgawa etal, 2013 a0 444569 ar3 17263232 8.2% 0.94 [0.74,1.18] T
El Jellas etal, 2017 a 22 a4 253 1.0% 0.46 [0.16,1.28]
Engin etal, 2012 & 45 53 198 1.3% 0.29[0472,0.73]
Greeretal, 2010 17 32679 131 277264 3.4% 1.10 [0.66, 1.83] I
Huang et al, 2017 15 1890 53 5586 2.8% 0.84 [0.47,1.49] —
Klein etal, 2013 av 177 8495 1827 6.3% 1.26 [0.93,1.72] T
Lietal, 2018 a1 B2 a5 201 2.9% 112 [0.63,1.97] I
Livetal, 2019 298 203632 1108 56268 10.9% 0.74 [0.65, 0.84] -
Makao et al. 2011 22 163 85 BST 3.5% 1.05 [0.63,1.74] I
Mewell etal, 1974 7 233 43 1476 1.6% 1.03 [0.46, 2.32]
Rahbari et al,, 2012 30 7ar 328 6151 5.0% 0.749 [0.54,1.15] ]
Risch etal., 2013 ao 200 319 596 6.1% 0.71 [0.52,0.98] I
Rizzato etal, 2013 48 190 514 1483 7% 0.64 [0.45, 0.90] —
Sunetal, 2015 10 202749 an anayz 2.2% 0.90 [0.45,1.77]
wang etal., 2012 32 a9 201 383 37% 0.51 [0.32, 0.82] —_—
Wolpin et al, 2009 33 8464 118 3IBEET 4.9% 1.28[0.87,1.88] T
Wiolpin etal, 2010 av 186 Foo 1342 6.4% 1.00[0.74,1.36] I
Wooetal, 2013 94 463 285 1285 F.A% 0.89 [0.69, 1.16] /T
Fhou and Li, 2005 7a 211 233 580 B.0% 0.82 [0.559,1.14] ——
Subtotal (95% CI) 533180 2238175 100.0% 0.86 [0.77, 0.96] &
Total events 1269 6491
Heterogeneity: Tau®™= 0.02; Chi== 36.12, df= 20 (F = 0.01); F= 45%
Test for overall effect: Z=2.68 (F = 0.007)
4.1.2 Blood group B
Aird etal., 1960 168 1897 47 8619 1.9% 1.01 [0.57,1.78] —
Een etal, 2011 186 291 3489 TET 8.0% 1.31 1.00,1.72] —
Edgawa etal, 2013 a0 444569 203 989199 9.4% 0.99 [0.77,1.26] T
El Jellas etal, 2017 a 22 24 71 0.5% 0.54 [0.18,1.64]
Engin etal, 2012 <] 43 14 249 0.6% 0.587 [0.21,1.54]
Greeretal, 2010 17 32674 38 27200 1.9% 1.20 [0.67,2132] —
Huang et al, 2017 15 1890 47 4891 1.8% 0.82[0.46,1.48] ]
Klein etal, 2013 av 177 238 472 5.0% 1.19 [0.84, 1.69] -1
Lietal, 2018 x| B2 Th 217 1.9% 1.86 [1.08, 3.289]
Livetal, 2019 288 20363 8459 BS836 28.0% 1.12[0.98,1.28] Bl
Makao et al. 2011 22 163 40 364 2.0% 1.26 [0.72,2.20] —
Mewell etal, 1974 7 233 27 969 0.9% 1.08 [0.46, 2.91] ]
Rahharietal, 2012 a0 Tor T3 1645 3.3% 0.95 [0.62, 1.47] E—
Risch etal, 2013 a0 200 216 492 5.5% 1.058 [0.75,1.46] R a—
Rizzato etal, 2013 48 190 120 415 4.0% 0.83[0.56,1.23] .
Sunetal, 2015 10 202749 44 82631 1.3% 0.91 [0.46, 1.80] E—
Wang etal., 2012 3z 243 166 338 2.6% 0.58 [0.36, 0.94]
Wolpin et al, 2009 33 8464 56 14152 3.3% 0.949 [0.64,1.52] I —
Wolpin etal, 2010 a7 186 226 421 5.0% 0.94 [0.67,1.33] T
Wooetal, 2013 94 463 203 1043 F.e% 1.09 [0.80,1.39] I
Fhou and Li, 2005 7a 211 168 531 5.3% 114 [0.85, 1.67] I P
Subtotal (95% CI) 533180 1257448 100.0% 1.06 [0.98, 1.15] »
Total events 1269 3251
Heterogeneity: Tau®™= 0.00; Chi== 20.71, df= 20 (F = 0.41); F= 3%
Testfor overall effect: Z=1.43(F =014
4.1.3 Blood group O
Aird etal., 1960 168 1897 272 30179 3.89% 0.94 [0.56, 1.95] T
Een etal, 2011 186 291 409 288 F.A% 1.35 [1.04,1.76] E—
Engawa etal, 2013 90 444569 217 1306141 8.0% 1.22 [0.95,1.56] T
El Jellas etal, 2017 5 22 153 228 1.0% 0.72[0.26, 2.04]
Engin etal., 2012 B 445 39 140 1.2% 0.44[0.17,1.11] —
Greeretal, 2010 17 32674 a8 311883 3.3% 1.84 110,310] I —
Huang et al, 2017 18 1880 47 5702 2.8% 0.96 [0.54,1.73]
Klein etal, 20132 a7 177 TT2 17332 6.5% 1.51 [1.11, 2.06] —
Lietal, 2018 31 62 62 207 2.8% 2.341.31,4.18]
Livetal, 2019 288 20363 Tas 61256 11.2% 1.13[0.98,1.29] ™
Makao et al. 2011 22 163 38 466 3.0% 1.76 [1.01,3.07]
Mewell etal, 1974 7 233 B0 2454 1.7% 1.24 [0.56, 2.74]
Rahbari et al., 2012 30 Forv 196 9168 4.9% 1.12 [0.76, 1.66] I a—
Risch etal, 2013 a0 200 221 529 B.1% 1.14 [0.82,1.58] I
Rizzato etal, 2013 48 190 343 12132 5.7% 0.86 [0.60,1.22] I
Sun etal, 2015 10 20279 51 145550 2.2% 1.41 [0.71,2.77] —
Wang etal., 2012 32 29 228 528 3.9% 0.74 [0.46,1.18] I
Wolpin et al, 2009 33 8464 109 46220 5.0% 1.66 [1.12,2.458] —
Wolpin etal, 2010 a7 186 511 1168 6.5% 1.40[1.03,1.91] —
Wooetal, 2012 94 463 171 av4 T2% 1.20[0.90,1.58] T
Zhou and Li, 2005 7a 21 214 269 6.1% 0.91 [0.65, 1.26] T
Subtotal (95% CI) 533180 1923206 100.0% 1.20 [1.07, 1.34] <&
Total events 1269 4913
Heterogeneity: Tau®= 0.02; Chi*= 34.54, df= 20 (P = 0.02); F= 42%
Testfor overall effect: £= 3.23 (F = 0.001)

t t t t
0.z 0.5 2 5

Favours [Blood group AB] Favours [Subgroup]

Figure 5: Forest plot showing the odds of developing pancreatic cancer between blood
group AB and each non-AB blood group (A, B, and O) that is listed separately as a
subgroup. Events describe the number of participants that have pancreatic cancer with the
given ABO blood group phenotype, and the total describes the total number of participants
with the given ABO blood group phenotype (participants with pancreatic cancer and
participants without pancreatic cancer). The tables summarize each study within each
subgroup, and the graphs plot the odds ratio (OR) of each study within the subgroup (blue
squares with black whiskers indicating 95% confidence intervals [CI], area of each square
represents the relative weight of the study in the subgroup analysis)) and the overall OR of
each subgroup (the centre of the black diamond indicates the overall OR and the width of the
diamond indicates the 95% ClI)
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Favours [Blood group O] Subgroup blood group Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
5.1.1 Blood group A
Aird et al., 1960 272 30179 285 25729 T1% 0.81 [0.69, 0.96]
Eenetal, 2011 4049 888 a07 934 B.2% 0.72 [0.60, 0.26]
Egawa etal, 2013 217 1306141 373 1726323 T1% 0.77 [0.65, 0.91]
ElJellas etal., 2017 (13 228 a9 253 1.8% 0.63[0.43,0.93]
Enginetal, 2012 39 150 [f:] 198 1.2% 067 [0.42,1.07] ™
Greeretal, 2010 a8 311883 131 277264 3.3% 0.60 [0.46, 0.78]
Huang etal, 2017 47 2702 a3 5586 1.7% 0.87 [0.98,1.29] —
Klein et al, 2013 72 1733 895 1827 9.6% 0.84 [0.73, 0.95]
Lietal, 2018 62 207 95 201 1.6% 0.48[0.32,0.73]
Liuetal, 2019 798 61256 1108 56268 13.7% 0.66 [0.60, 0.72]
Makao et al. 2011 a8 466 a5 B57Y 1.6% 0.60[0.40, 0.89]
Mewell etal, 1974 60 2454 43 1476 1.7% 0.84 [0.96,1.24] _
Rahbarietal, 2012 196 5168 328 6151 6.3% 0.70[0.58, 0.84]
Rischetal, 2013 221 529 319 596 4.2% 0.62[0.49, 0.79]
Rizzato etal,, 2013 343 1213 515 1483 7% 0.74 [0.63, 0.87]
Sunetal, 2015 51 145550 50 anarz 1.7% 0.64 [0.43,0.94]
Wang etal, 2012 228 5228 201 383 3.9% 0.69 [0.53, 0.90]
Wolpin et al,, 2009 109 46220 118 38667 3.6% 0.77 [0.60, 1.00]
Wolpinetal, 2010 511 1168 Foo 1342 TT% 0.71 [0.61, 0.84]
Woo etal, 2013 171 ar4 284 12845 5.0% 0.75 [0.60, 0.92]
Zhou and Li, 2005 215 569 233 580 4.2% 0.90[0.71,1.15] —
Subtotal (95% CI) 1923206 2238175 100.0% 0.72 [0.69, 0.76]
Total events 4913 F491

Heterogeneity: Tau®= 0.00; Chi®= 2599, df=20(P=0.17), F= 23%
Testfor overall effect: £=11.84 (P = 0.00001)

5.1.2 Blood group B

Aird et al, 1960 272 301749 47 AA15 4 4% 1.08[0.79, 1.47] ~
Ben etal, 2011 4049 888 354 TBT T.0% 0.97 [0.80,1.18] —
Egawa etal, 2013 217 1306141 203 989199 T7.0% 0.81 [0.67, 0.98]

El Jellas etal, 2017 [l3) 228 25 71 1.9% 0.75[0.43,1.32] 7
Enginetal, 2012 39 140 19 849 1.6% 1.29 [0.69, 2.47]

Greeretal, 2010 a8 311883 a8 arza0 3.4% 065 [0.44, 0.95]

Huang etal, 2017 47 5702 47 48491 3% 0.86 [0.57, 1.29] _
Klein etal, 2013 Ti2 1733 238 472 6.7% 0.79 [0.64, 0.97]

Lietal, 2018 R2 207 TH 217 1% 079 [0.53,1149] *
Liuetal, 2019 Taa 61256 8549 65836 9.6% 1.00[0.91,1.10] —
Makao etal 2011 a8 466 40 364 2.5% 0.72 [0.45,1.14] 7
Mewell etal, 1974 60 2454 27 9649 26% 0.87 [0.55,1.29] —
Rahbarietal, 2012 196 5168 T3 1645 5.1% 0.85[0.65,1.17] —
Rischetal, 2013 2 524 216 442 7% 082072 118] *
Rizzato et al, 2013 343 1213 120 415 5.7% 0.97 [0.76,1.24] _
Sunetal, 2015 a1 145550 45 82631 3.2% 0.64 [0.43, 0.96]

Wang etal, 2012 228 528 166 338 S1% 0.79 [0.60, 1.04]

Wolpin et al, 20089 1089 46220 56 14152 4.2% 0.60[0.43, 0.82]

Wolpin etal, 2010 a11 1168 226 41 F.2% 067 [0.54, 0.84]

Wooetal, 2013 171 a74 203 1043 6.2% 0.88[0.70,1.10] —
Zhou and Li, 2005 214 5649 168 531 5.6% 1.31 [1.02, 1.68] —
Subtotal (95% CI) 1923206 1257448 100.0% 0.86 [0.79, 0.94]

Total events 4913 329
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Figure 6: Forest plot showing the odds of developing pancreatic cancer between blood
group O and each non-O blood group (A, B, and AB) that is listed separately as a subgroup.
Events describe the number of participants that have pancreatic cancer with the given ABO

blood group phenotype, and the total describes the total number of participants with the

given ABO blood group phenotype (participants with pancreatic cancer and participants
without pancreatic cancer). The tables summarize each study within each subgroup, and the
graphs plot the odds ratio (OR) of each study within the subgroup (blue squares with black
whiskers indicating 95% confidence intervals [Cl], area of each square represents the
relative weight of the study in the subgroup analysis)) and the overall OR of each subgroup

(the centre of the black diamond indicates the overall OR and the width of the diamond

indicates the 95% CI)
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Analysis of publication bias

Funnel plots were produced to assess publication bias. No evidence of publication
bias was present for A vs. B, AB, or O (Figure 7A), B vs. A, AB, or O (Figure 7B), AB
vs. A, B, and O (Figure 7C), or O vs. A, B, or AB (Figure 7D); all plots were
symmetrical.
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Figure 7: Funnel plots for comparisons of ABO blood group phenotype and risk of pancreatic
cancer development. (A) blood group A vs. non-A phenotypes and risk of pancreatic cancer
development, (B) blood group B vs. non-B phenotypes and risk of pancreatic cancer
development, (C) blood group AB vs. non-AB phenotypes and risk of pancreatic cancer
development, and (D) blood group O vs. non-O phenotypes and risk of pancreatic cancer
development. Odds ratio (OR) is plotted for each study in each subgroup against the standard
error of the OR. The centre blue dashed line represents the overall OR and the outer blue
dashed lines represent the boundaries into which the studies would fall if there was no
publication bias.

Discussion

In this meta-analysis, individuals with blood group A were found to have a
significantly increased risk of developing pancreatic cancer compared to individuals
with blood groups B (p=0.0002), AB (p=0.007), and O (p<0.00001), and individuals
with blood group O had a significantly lower risk of developing pancreatic cancer
compared to those with blood groups A (p<0.00001), B (p=0.0005), and AB
(p=0.001), which is consistent with the results of many other studies, including the
earlier meta-analysis conducted by Risch et al. (2013). There was no difference in
the risk of developing pancreatic cancer between individuals with blood groups AB
and B. However, although statistically insignificant (p=0.14), blood group AB did
have a slightly increased risk compared to blood group B individuals. These results
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suggest that individuals with blood group A are most at risk of pancreatic cancer
development, followed by blood group AB and B, and blood group O individuals are
least at risk. However, the mechanism by which the ABO blood group may cause or
promote pancreatic cancer is unknown, although several plausible theories have
emerged.

Following their investigation into the link between ABO blood group phenotypes and
risk of pancreatic cancer development, Wolpin et al. (2010b) conducted a follow-up
study using their data collected from the Pancreatic Cancer Cohort Consortium to
investigate the effect of variant ABO blood group alleles, namely Ai1and Az, on the
risk of pancreatic cancer development. The A: allele produces the A1-
glycosyltransferase which is the main enzyme seen in blood group A individuals,
however, the A2-glycosyltransferase produced by the Az allele is present in a minority
of blood group A individuals. The Az-transferase was previously found to have a 30-
fold reduction in enzymatic activity compared to A1 transferase, leading to the
production of fewer A antigens (Storry and Olsson, 2009). This reduction in activity
may be attributed to the increased size of the Az-glycosyltransferase in comparison
to the Ai-transferase which is due to the deletion of a single cytosine residue at the
coding region for the enzyme causing a frameshift which extends the open read
frame and results in a protein structure with 21 additional amino acids (Svensson et
al., 2009). Wolpin et al. (2010b) found that, compared to individuals with blood group
O, inheritance of the Az allele and therefore production of A2-glycosyltransferase did
not increase the risk of developing pancreatic cancer, whereas inheritance of the A1
allele did increase the risk of developing pancreatic cancer (Wolpin et al., 2010Db).
These results are supported by similar data obtained from the PANDORA consortium
which also suggested that the production of Ai-glycosyltransferase and not Az-
glycosyltransferase increases the risk of pancreatic cancer development compared
to O glycosyltransferase (Rizzato et al., 2013). This could suggest that it is the
reduced expression of the A antigen that decreases the risk of pancreatic cancer in
individuals with the Az allele, and so the presence of the A antigen may be involved
in tumorigenesis. This provides a possible explanation for the results seen in this
meta-analysis as individuals with blood group A had a significantly increased risk of
pancreatic cancer development compared to individuals of every other ABO
phenotype, and additionally the presence of the A allele in individuals with blood
group AB showed a non-significant increase in risk compared to blood groups B and
O. However, this does not explain why individuals with blood group B were found to
be more at risk of pancreatic cancer development compared to individuals with blood
group O. It may be that the presence of either the A or B antigen increases an
individual’s risk of pancreatic cancer development, and so any individuals with blood
group O that produce non-functioning enzymes and therefore no antigens, will have
a significantly reduced risk compared to all other ABO phenotypes. With regards to
the difference in risk seen between individuals with blood group A and those with
blood group B, it may be that A:-glycotransferase has a higher activity than B-
glycosyltransferase which causes individuals with blood group A to have more
antigens present on the surface of cells compared to individuals with blood group B,
increasing their risk of developing pancreatic cancer. Additionally, the differences in
structure of the A and B antigens may provide an explanation for the difference in
risk, although this has not been explored. Further research should be done to
evaluate the activity of B-glycosyltransferase and compare it to the activity of A1-
glycosyltransferase to establish whether the antigen quantity could be responsible
for defining the risk of pancreatic cancer development. Future studies should
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separate individuals with blood type A and AB depending on whether they have the
A1 or Az allele to compare the risk of pancreatic cancer development in individuals
with each of the A alleles separately to individuals with the other ABO phenotypes to
determine which individuals are most at risk. Additionally, further research classifying
individuals into their genotypes may be required to assess the impact that having
one or two copies of an allele has on the risk of pancreatic cancer development, for
example individuals with blood group B will either have the genotype BB or BO. This
could be taken further by genotyping blood group A and AB individuals based on the
presence of the A1 or Az allele as well, so an individual with blood group A could have
the genotype A1A1, A10, A2A2, A20, or A1Az. Initial studies in these areas have been
conducted, however, results need to be validated with additional studies and further
meta-analyses should be performed.

Glycosyltransferase activity controls the formation of ABO antigens on cell surfaces
of not just red blood cells, but other tissues such as the pancreas (Franchini and
Lippi, 2015). Studies have shown that ABO antigens may be important in the
mediation of membrane signalling and intracellular adhesion, essential processes for
the progression and metastasis of cancerous cells, as well as immunosurveillance
(Le Pendu et al., 2001). It has been determined that the expression of ABO antigens
on the surface of pancreatic cancer cells are different to the expression on normal
pancreatic cells, therefore, alterations of these molecules by glycosyltransferases
could be preferential for tumorigenesis (Hakomori, 1999). It may be this modification
of antigen expression, caused by an alteration in glycosyltransferase specificity, that
induces cancer development through increased proliferation signals and increased
cell motility. As no glycosyltransferases are produced in individuals with blood group
O, no antigens are present and so no modifications can be made to enhance
malignancy, which may explain why blood group O individuals are less at risk of
pancreatic cancer development compared to individuals with blood groups A, B, and
AB who all produce transferases and have ABO antigens that can be modified to
promote tumorigenesis.

Genome wide association studies (GWAS) identified single nucleotide
polymorphisms (SNPs) within the ABO gene that links ABO blood group to levels of
inflammatory mediators that regulate immune cell recruitment and inflammation
(Barbalic et al., 2010). The evidence shows reduced levels of soluble intracellular
adhesion molecule-1 (sICAM-1) and soluble P-selectin in individuals with the A1
allele (Paré et al., 2008; Barbalic et al., 2010). ICAM-1 on the surface of the
endothelium acts a receptor for LFA-1, a leukocyte integrin, and enables leukocyte
attachment and diapedesis across the endothelial cells, subsequently causing
inflammation. sSICAM-1 binds to LFA-1, inhibiting leukocyte adhesion to ICAM-1 on
the endothelium (Paré et al., 2008). Therefore, a reduction in sSICAM-1 seen in blood
group A individuals would increase interaction between LFA-1 and ICAM-1 on
endothelial cells and stimulate a greater inflammatory response. The mechanism
responsible could involve leukocyte interaction with the A antigen on endothelial
surfaces, causing leukocytes to bind to P-selectin and ICAM-1 more strongly which
prevents cleavage of these adhesion molecules into circulation, therefore reducing
sICAM-1 and soluble P-selectin levels and increasing leukocyte adhesion and
inflammation (Barbalic et al., 2010). These results could suggest that individuals with
blood group A have an increased inflammatory response, suggesting chronic
inflammation as a mechanism by which ABO blood group is linked to pancreatic
cancer development, although the precise process by which this occurs is unknown.
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Chronic inflammatory conditions have been linked to tumorigenesis through an
extensive number of studies (Mantovani et al., 2008). In the case of pancreatic
cancer, chronic pancreatitis has been found to predispose individuals to pancreatic
cancer development (Raimondi et al., 2010) which may, in part, be due to several
pro-inflammatory cytokines such as TNFa, IL-8, and IL-1 that are secreted following
continuous damage and repair of the pancreas (Manohar et al., 2017). The results of
another GWAS found associations between SNPs at the ABO locus and levels of
TNFa, providing further evidence that certain ABO phenotypes may initiate or
exacerbate pancreatitis, increasing the risk of pancreatic cancer (Melzer et al.,
2008). TNFa upregulates the transcription factor NF-kB, causing activation of the
NF-kB signalling pathway which has frequently been linked to tumorigenesis due its
role in upregulating the expression anti-apoptotic genes, such as Bcl-2, and
increasing the production of mitogenic factors, such as cyclin D1 (Garcea et al.,
2005). Further studies are required to confirm the potential influence of ABO
phenotypes on inflammation and chronic pancreatitis and the subsequent
development of pancreatic cancer. So far studies have only linked blood group A
with an increased inflammatory response which provides a possible explanation as
to why blood group A individuals were found to be more at risk of pancreatic cancer
development compared to other ABO phenotypes in this meta-analysis, but does not
explain why individuals with blood groups B and AB were found to have an increased
risk of pancreatic cancer compared to blood group O. It is likely due to the
involvement of other mechanisms, but further research is needed to determine this. If
blood group A is associated with an increased inflammatory response as studies
suggest, it is expected that the risk of developing other types of cancer, not just
pancreatic cancer, will be higher in this population also. This is supported by several
case-control studies and meta-analyses that have identified that individuals with
blood group A have a significantly increased risk of developing cancers such as
gastric (Wang et al., 2012c; Yu et al., 2020), breast (Miao et al., 2014; Meo et al.,
2017), and colorectal cancer (Zhang et al., 2014) compared to all other ABO blood
group phenotypes; providing support that blood group A may be involved in
increasing systemic inflammation, hence increasing the risk of developing numerous
cancer types, including pancreatic cancer.

A large of number of participants across several countries and continents were
included in this meta-analysis which makes the results highly generalisable and does
not limit their application to specific ethnicities or populations. However, participants
from South America and Africa were not represented in any included studies and so
further research involving individuals from populations within these countries may be
beneficial to see how these results compare to those obtained from other countries.
The inclusion of different populations from several countries and ethnicities may
explain the variance in results between some studies included in the meta-analysis
as there are differing frequencies of each ABO phenotype between these
populations. Additionally, the low global frequency of blood groups AB and B may be
responsible for this variance as these phenotypes could have been
underrepresented in the control groups of the studies. Alternatively, the variance in
results may have been caused by the small number of pancreatic cancer cases
reported by some studies. Therefore, it is important that more studies are performed
involving more pancreatic cancer cases to determine the effect of ABO phenotypes,
particularly AB and B, on risk of pancreatic cancer.

During the literature search, access to the full version of a few research papers was
not available due to restrictions of subscriptions to certain journals, this could have
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resulted in search bias and selection bias. Access to these papers would have been
beneficial as they could have provided further studies and participants for inclusion in
the meta-analysis, increasing the strength and validity of the results. It is also
important to mention that although there appeared to be no publication bias between
the studies included in the meta-analysis, studies tend not to be published if they are
small and obtain insignificant results, so there is still a risk of publication bias.

A potential limitation of this meta-analysis is that the source of the healthy control
group used by some of the included case-control studies may not be ideal in terms of
representativeness. For example, the distribution of a particular ABO blood type may
be misrepresented if blood donors were used because donors of a certain blood
phenotype type may be preferred, such as the universal donors belonging to blood
group O. Additionally, because of the association of ABO phenotypes with numerous
diseases, it may be that there are more donors with an ABO phenotype linked to a
particular disease in order to provide blood for transfusions, this would cause a bias
in ABO distribution in the control group. Similarly, studies that used non-cancer
related hospital patients may also have distribution bias as these patients may be in
hospital for conditions or diseases that are also linked to ABO phenotype, increasing
the proportion of that blood type in the control group. The ABO blood group
distribution in the control group needs to be representative of the population,
therefore the ideal healthy control group would be a random selection of the general
population or matched control based on age, gender, and ethnicity. Despite this,
many studies included in this meta-analysis did determine that the proportion of
participants with each phenotype in the control groups were consistent with the
proportion seen in the general population, therefore suggesting that the results are
representative of the wider population and were not influenced by the source of the
control group.

Most of the studies included in the meta-analysis had determined participant’s ABO
phenotype through serologic testing or had consensually obtained this information
from hospital records. However, in the study by Wolpin et al. (2009), the participant’s
ABO phenotype was self-reported. Although the participants in this study were
healthcare professionals and it was expected that they would be able to accurately
report their blood type, an internal validation study conducted on 98 participants
found that approximately 10% had incorrectly reported their ABO phenotype. If this
proportion of participants had inaccurately reported their blood group within the
entire cohort of 107,503 participants, approximately 10,000 reports of phenotype
would be incorrect, potentially impacting the validity of the results obtained and
affecting the accuracy of this meta-analysis. However, the authors of the study noted
that with 90% of participants accurately reporting ABO phenotype, the results were
unlikely to be influenced by measurement error.

A further limitation of this meta-analysis is that due to there being four ABO
phenotypes, there were subsequently four comparator groups in the analysis for the
risk of pancreatic cancer development to be compared between individuals of
different ABO blood group phenotypes; this meant that multiple RevMan analyses
were conducted to collect data. By doing this there was an increased probability of
false positive results occurring. This potential issue could have been overcome by
comparing the risk of pancreatic cancer development in individuals with one ABO
phenotype to the risk in individuals with all other ABO phenotypes as a combined
group, for example blood group A compared to non-A, O compared to non-O etc.,
rather than compared to each of the other ABO phenotypes individually. This method
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would reduce the risk of an event occurring by chance but would not allow for a
comparison of pancreatic cancer risk between each of the ABO phenotypes
individually. The analysis method implemented in this meta-analysis has not been
used in many other studies and provides more data on which individuals are most
and least at risk of pancreatic cancer development based on their ABO phenotype.
This information could be important to consider following the establishment of a UK
pancreatic cancer screening programme as individuals with the highest risk ABO
phenotype could potentially be invited for screening. Many other studies have only
been able to conclude that non-O individuals are more at risk of pancreatic cancer
with no differentiation between the risk of each of the non-O phenotypes separately.
From this, all non-O individuals would be considered to have a high-risk phenotype,
however it would not be feasible to include all non-O individuals in a screening
programme. This meta-analysis determined that individuals with blood group A are
significantly more at risk of pancreatic cancer development compared to all other
ABO phenotypes, therefore, only individuals with blood group A would need to be
considered for pancreatic cancer screening. Although individuals with blood type A
are more at risk of developing pancreatic cancer, this factor alone is unlikely to
require an individual to undergo regular screening for the malignancy. However,
ABO phenotype could be used in conjunction with other risk factors, such as genetic
predispositions and age, to calculate a risk score for an individual, where those that
are found to be at high risk are included in pancreatic cancer screening programmes
within the UK. Such screening programmes have not yet been developed but are
currently in early stages of trial and evaluation in target individuals, for example
those with family history of pancreatic cancer, and identify various biomarkers of
pancreatic cancer. One large research study that is underway is the European
Registry of Hereditary Pancreatitis and Familial Pancreatic Cancer (EUROPAC),
through which people who have a strong family history of pancreatic cancer may be
able to be screened (Pancreatic Cancer UK, 2021). Screening has been used to
detect premalignant neoplasms to prevent development into invasive tumours but
have not been used to detect early stages of pancreatic cancer. Development of
screening tests that can identify both premalignant and early-stage cancers that can
be treated are essential, as is the need to screen the most at-risk individuals in order
to reduce both the incidence and mortality of pancreatic cancer (Rawla et al., 2019).

Conclusion

In conclusion, the results of this meta-analysis suggests that individuals with blood
group A have a significantly increased risk of pancreatic cancer development
compared to individuals with blood groups B, AB, and O, whereas individuals with
blood group O are significantly less at risk of pancreatic cancer development
compared to individuals with blood groups A, B, and AB. There is no significant
difference in risk of pancreatic cancer development between individuals with blood
group B and blood group AB. The wider implications of these findings make this
study one of significance. From the results, it can be suggested that ABO phenotype
should be considered and used in conjunction with other known risk factors of
pancreatic cancer to influence the identification of high-risk individuals that may be
eligible for future pancreatic cancer screening programmes in order to reduce the
incidence and mortality rates associated with this disease. Further functional studies
are required to definitively determine the mechanism by which ABO blood group
phenotypes can promote tumorigenesis to better understand the complex aetiology
and pathogenesis of pancreatic cancer.
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