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Abstract

Evidence indicates that diet, nutrition, lifestyle, the environment, the mi-
crobiome, and other exogenous factors have pathogenic roles and also in-
fluence the genome, epigenome, transcriptome, proteome, and metabolome
of tumor and nonneoplastic cells, including immune cells. With the need
for big-data research, pathology must transform to integrate data science
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fields, including epidemiology, biostatistics, and bioinformatics. The research framework of
molecular pathological epidemiology (MPE) demonstrates the strengths of such an interdisci-
plinary integration, having been used to study breast, lung, prostate, and colorectal cancers. The
MPE research paradigm not only can provide novel insights into interactions among environment,
tumor, and host but also opens new research frontiers. New developments—such as computational
digital pathology, systems biology, artificial intelligence, and in vivo pathology technologies—will
further transform pathology and MPE. Although it is necessary to address the rarity of trans-
disciplinary education and training programs, MPE provides an exemplary model of integra-
tive scientific approaches and contributes to advancements in precision medicine, therapy, and
prevention.

INTRODUCTION: PATHOLOGY AS A FUNDAMENTAL BIOMEDICAL
SCIENCE MUST BE TRANSFORMED

Pathology is a fundamental field of biomedical science. Pathology develops methods to elucidate
the etiologies and pathogenesis of diseases, thereby serving as the basis for all other medical sci-
ences. In addition, pathology has had a critical role in medicine because clinical decision-making
heavily depends on data from laboratory tests. As molecularly targeted interventions increas-
ingly become available, molecular pathology has become a major part of pathology practice. So-
phisticated laboratory technologies, including massively parallel sequencing (or next-generation
sequencing) techniques, can now produce multi-omic data. Along with this, large amounts of
pathological and biomedical data are accumulating in health-care systems worldwide. Advance-
ments in molecular pathology are improving the disease classification system, which has been
used in clinical and epidemiological studies, with attempts being made to translate findings into
optimized therapeutic and preventive strategies. Hence, molecular pathology and diagnostics play
important parts in the precision medicine initiative (1-4).

However, considerable challenges exist in pathology in the era of big-data omics science. First,
generally, formal education and training in data science (including statistics, epidemiology, infor-
matics, bioinformatics, and computational biology) are relatively scarce in pathology residency
and fellowship programs. Second, because of this relative lack of data science training, there are
shortages of pathologists and pathological scientists who are well versed in data science and able
to utilize multi-omic data and interpret findings from their own studies and other groups. To
maximally leverage molecular pathological technologies and data, pathology needs to transform
into a field of pathobiological data science in research, education, and clinical practice. In this
review, we introduce molecular pathological epidemiology (MPE) as a successful example of the
integration of pathology and data science. We further discuss the multifaceted role of MPE not
only in improving our understanding of pathogenesis but also in transforming pathology into a
new field of pathobiological data science. Throughout this review, we use standard symbols for
genes (see the sidebar, Use of Standardized Official Symbols for Genes and Gene Products).

MOLECULAR PATHOLOGICAL EPIDEMIOLOGY: A HYBRID
OF PATHOLOGY AND DATA SCIENCE

Molecular pathology had been utilized in and incorporated into epidemiological research since
the 1990s, and this combined approach started to show a substantial potential for expanding both
pathology and epidemiology. The merging of molecular pathology and epidemiology culminated
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USE OF STANDARDIZED OFFICIAL SYMBOLS FOR GENES AND GENE PRODUCTS

We use the symbols for genes and gene products approved by the HUGO Gene Nomenclature Committee,
including BRAF, CD4, CD274, CTLA4, CTNNBI1, FOXP3, HPGD, IL2RA, IL16, KRAS, MGST1, PDCDI, PIK3CA,
PTGS2, and TP53, all of which are described at https://www.genenames.org. The official symbols are italicized
to differentiate them from the colloquial names that are used along with the official symbols. This format enables
readers to familiarize themselves with the official symbols for genes and gene products together with the colloquial
names.

in the paradigm of MPE as an integrative field (5, 6). MPE is a hybrid field of pathology and data
science because epidemiology is precisely a field of data science. Hence, MPE can address the
need to transform pathology into data science.

Epidemiology and pathology have a common goal of elucidating the etiologies and patho-
genesis of diseases. In addition, epidemiology is useful in pathology. Epidemiology concerns the
development and standardization of methods to analyze populations, their health, and biomedical
data. Virtually all biomedical investigations implicitly or explicitly use epidemiological principles
to establish the internal and external validities of findings, which is often called reproducibility.
The inappropriate use of statistical methods (due to a lack of understanding of epidemiological
and statistical principles) is a major cause of nonreproducible findings in the literature. There-
fore, epidemiological and statistical principles must be taught systematically in all biomedical
disciplines.

Furthermore, epidemiology is useful for pathology in additional aspects. In the causal inference
subfield of epidemiology, investigators have been developing methods—such as inverse probability
weighting (7), marginal structural models, and Mendelian randomization—that can make a variable
of interest (e.g., cigarette smoking) in observational data similar to a randomized exposure in a
clinical trial. These data analysis methods likely have substantial potential for use in pathology. In
addition to the use of model systems in experimental pathology, a large part of pathology research
involves observational analyses of human tissues, body fluids, and cells. In these observational
analyses, it is a considerable challenge to establish causal relationships. In addition, selection bias
in terms of research participants, which often limits the generalizability of study findings, is not
adequately addressed in most pathology investigations. To overcome these challenges, causal
inference methods can be utilized in pathology research.

We are witnessing rapid growth in the use of molecular pathology as part of mainstream pathol-
ogy research and practice. The widespread application of clinical molecular diagnostics with an
improved disease classification system enables better predictions of clinical outcomes and better
patient management (8, 9). The integrated MPE approach enables us to test specific etiological
hypotheses that connect exogenous or endogenous factors to molecular pathology and a specific
disease subtype, thereby augmenting causal inference (6, 10). In addition, the MPE approach
can uncover potential risk factors that are not detectable in conventional epidemiological research
without using molecular pathology methods (6). New research frameworks and analytical method-
ologies need to be developed to undertake integrative MPE research (11). MPE research can be
used to assess not only well-defined clinical outcomes, such as disease incidence and mortality, but
also intermediary biomarkers that can predict full-blown disease in the future (12, 13). Statistical
methodologies have been developed to decipher heterogeneity in the relationships between a risk
factor and different disease subtypes while addressing confounding, selection bias, and missing
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data (7, 14-18). The methods of network science and network medicine (19) have substantial po-
tential to decipher exposures and phenotypes to advance MPE research (20). While the integrative
approach of MPE has several strengths, pitfalls must also be noted (6). Because MPE research
deals with multiple disease subtypes and biomarkers, it typically faces the issue of multiple hy-
pothesis testing. Hence, investigators should appropriately use statistical methods and analyses.
Relatively few cross-disciplinary experts and education programs exist (21, 22), which (as in any
new field) is both a challenge and opportunity. MPE and its role and relevance have been among
the topics of meetings of established international societies (23-25), as well as the focus of the
evolving International MPE Meeting Series (26, 27). The MPE paradigm has been increasingly
widely applied (28-43). While the MPE concept is most commonly used in cancer research, its
methods can also be utilized in nonneoplastic diseases (11, 44).

UNDERSTANDING NEOPLASMS AS DYNAMIC INTERACTIONS
AMONG ENVIRONMENT, HOST, AND TUMOR

Neoplasia is a complex, multifactorial disease. Each tumorigenic process is uniquely influenced by
endogenous and exogenous factors and their interactions with both neoplastic and nonneoplastic
cells (45-47). Each risk factor influences specific carcinogenic mechanisms, and different risk
factors influence different carcinogenic mechanisms to different degrees. Because the exposome
(the totality of exposures, including risk factors) differs from individual to individual, neoplasms
have unique phenotypes in each individual (i.e., the unique tumor principle or, more broadly, the
unique disease principle) (45, 46). Even within one individual, local microenvironments differ from
place to place. Thus, each tumor area within one tumor has unique phenotypes (i.e., intratumor
heterogeneity).

Despite the uniqueness of each disease process, the overarching premise of precision medicine
and MPE is that persons who share similar molecular pathological characteristics likely share sim-
ilar etiological mechanisms and similar responses to drugs and other interventions (45). According
to this premise, pathologists and clinicians use molecular tests to make decisions about patient
management, and researchers subtype neoplasms using molecular and pathological biomarkers to
link putative risk factors to specific molecular pathological alterations. Endogenous and exogenous
factors can influence and modify the phenotype of a neoplasm that possesses intrinsically dynamic
and interacting components of transformed neoplastic cells and nontransformed cells (Figure 1).
Hence, an investigation that takes into account the environment (i.e., in a broad sense, including
exogenous and endogenous factors) is essential for us to better understand carcinogenic processes
and to achieve the promise of precision medicine. Although much of the focus of oncological
pathology research has been devoted to neoplastic cells and the surrounding tumor microenvi-
ronment, the influences of other exogenous and endogenous factors (including but not limited
to environmental, microbial, nutritional, lifestyle, and socioeconomic) on pathogenic processes
should be investigated to improve our understanding of neoplasia.

Figure 2 illustrates the multilevel research framework of MPE through which intermediary
biomarkers (or phenotypes) and tumor pathological phenotypes can be analyzed in relation to
exogenous and endogenous factors. MPE can generate data regarding how environmental, dietary,
lifestyle, and microbial exposures influence host—tumor interactions: These data cannot be gained
readily using conventional research approaches, especially human studies. The importance of MPE
analyses of complex human diseases, such as neoplasms, conducted in human populations cannot
be overemphasized because even the best in vivo experimental models cannot fully recapitulate
human tumor—-immune system interactions (48), not to mention the interactions of tumor and
immune cells with exogenous and other endogenous factors. Therefore, the insights derived from
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Figure 1

The relationship between exogenous and endogenous factors and a tumor with its intrinsic and interacting
components of neoplastic cells and nontransformed nonneoplastic cells in the tumor microenvironment. For
simplicity, only a limited number of factors are shown, and complex interactions between the exogenous and
endogenous factors are not shown. Various factors can influence the interactions between neoplastic and
nonneoplastic cells and modify the biological nature of a given tumor. Thus, there are ample research
opportunities for deciphering these complex relationships. The schematic shows the basic concept of an
integrative analysis of various exogenous and endogenous factors, neoplastic cells, and nonneoplastic cells.
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Figure 2

Overview of a molecular pathological epidemiology data set and multilevel research. Intermediary
biomarkers are measurements of molecules in biospecimens that are thought to precede full-blown disease
(e.g., a malignant tumor). These biomarkers can be examined in radiological images, biopsy tissue, or in
peripheral blood, sputum, saliva, urine, or other body fluids. Depending on the design of the data analysis,
these biomarkers may be utilized as either exposure or outcome variables in epidemiological terms. The term
exposures is broadly used for variables that can causally influence disease incidence, phenotype, or outcome,
or a combination of these.
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Figure 3

Collaborative relationship between basic experimental research and molecular pathological epidemiology
research. Strengths of both types of research can complement each other and work synergistically to advance
biomedical sciences.

population-based data can inform experimental research. Basic experimental studies and MPE
studies have complementary strengths and augment each other (Figure 3). The synergism of
MPE and basic experimental research can have an important role in pathology and other areas of
biomedical science.

ASPIRIN AND COLORECTAL CARCINOMA: INSIGHTS INTO
PATHOGENESIS AND CLINICAL IMPLICATIONS

The MPE approach can be merged with pharmacoepidemiology, potentially to uncover new
indications for and to repurpose common drugs, such as nonsteroidal anti-inflammatory drugs
(NSAIDs) and statins (49). In this section, we focus on studies of aspirin and colorectal carcinoma
to illustrate how MPE research can provide new insights into pathological mechanisms, synergize
with laboratory experimental studies, and help to customize pathology and clinical practice.

Although aspirin has been shown to exhibit anticancer effects (50, 51), a question remained
about whether its effect might differ by tumor subtype—that s, according to the tumor’s molecular
and immune status. To address this, MPE studies were performed that showed aspirin reduced
the risk of a subtype of colorectal carcinoma with overexpression of PTGS2 (cyclooxygenase-2,
a major target of aspirin) but not the PTGS2-negative subtype (52) and that aspirin reduced
patient mortality in the PTGS2-positive colorectal carcinoma subtype but not the PTGS2-
negative subtype (53) (Figure 4). These data suggest the dependency of the PTGS2-positive
subtype of colorectal tumors on PTGS?2 enzymatic activity for their growth both before and after
the diagnosis of colorectal carcinoma. Consistent findings of antitumor effects of aspirin on the
PTGS2-positive tumor subtype in both pre- and postdiagnosis phases of disease increase confi-
dence in the validity of these findings. The survival association of aspirin use in PTGS2-positive
colorectal cancer, but not in PTGS2-negative cancer, has been replicated in an independent
study (54).

Colorectal cancers develop through driver mutations in genes such as APC, TP53, KRAS,
PIK3CA, and BRAF. The sequencing of these genes can be readily implemented in clinical practice
(55, 56). Considering experimental evidence for the interplay between the phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K) and PTGS2 pathways (57, 58), the hypothesis was tested that a
PIK3CA mutation might be a predictive biomarker for a response to aspirin (59). Regular aspirin
use after a diagnosis of colorectal cancer was associated with longer survival in patients with
PIK3CA-mutated tumors, but not in patients with PIK3CA wild-type tumors (59). A number of

Ogino et al.



Cancer-free Colorectal
individuals carcinoma patients

_l_ ey PTGS2 (+) = Jl

Aspirin

T

Aspirin

\4 \4
Normal ) PTGS2 (-) =3 Mortality

colon

Tumor subtyping by PTGS2

(cyclooxygenase-2, a target of aspirin)

Figure 4

Analytical framework of molecular pathological epidemiology research using studies of aspirin use and
colorectal carcinoma PTGS?2 (cyclooxygenase-2) expression are shown as examples. PTGS?2 expression can be
measured by RINA analysis or immunohistochemistry. One can test a hypothesis that aspirin use reduces the
incidence of the PTGS2-positive colorectal carcinoma subtype but not that of the PTGS2-negative subtype
(52) and another hypothesis that aspirin use reduces mortality in patients with the PTGS2-positive colorectal
carcinoma subtype but not that of patients with the PTGS2-negative subtype (53). The study findings support
both of these hypotheses, indicating the dependency of the PTGS2-positive subtype of tumor cells on
PTGS2 activity, leading to sensitivity to aspirin chemoprevention and treatment. The consistency of findings
both before and after the diagnosis of colorectal cancer provides further evidence supporting the hypotheses.

studies have been conducted to replicate these findings. Although each individual study might

not have adequate statistical power, particularly for PIK3CA-mutant cases, most of these studies
(but not all; see 54, 60) had similar findings (61-64). Moreover, in vitro experimental studies
showed stronger antitumor effects of aspirin against PIK3CA-mutant colon and breast cancer cells
compared with PIK3CA wild-type cells (65-67). These lines of evidence are consistent with aspirin
having specific effects on PIK3CA-mutant colorectal carcinomas (Figure 5), and they provide a

rationale for designing clinical trials that assess the therapeutic effects of aspirin and the predictive

values of tumor biomarkers (33, 50, 68, 69).

interplay of prostaglandin and PI3K pathways

[ Experimental studies providing evidence for }

\

MPE study providing evidence for specific
effect of aspirin on PIK3CA-mutant
colorectal carcinoma

¥

L}

Experimental in vitro and
in vivo studies to validate the
specific effect of aspirin

Experimental clinical trials
to validate the specific
effect of aspirin

Figure 5

Flow diagram of basic experimental research leading to molecular pathological epidemiology (MPE)
research and back again to basic experimental research for the validation of findings. Another branch
represents a flow from MPE observational research to experimental clinical trial research. In this example,
research assessing the effect of aspirin on PIK3CA-mutant colorectal carcinomas is shown.
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Recently, immunotherapies targeting immune checkpoint pathways, such as the CTLA4 (cyto-
toxic T lymphocyte antigen 4) and PDCD1 (programmed cell death 1) pathways, have come under
intense investigation. To date, however, the possible influence of immunomodulators—including
environmental, dietary, lifestyle, microbial, and pharmacological factors—on the response of tu-
mors to immunotherapy has been relatively overlooked. Consistent with experimental evidence
for a synergism of immune checkpoint blockade and aspirin (70, 71), an MPE study showed a
favorable association of aspirin use after the diagnosis of colorectal cancer with survival in patients
with CD274 [Programmed Cell Death Ligand 1 (PD-L1I)]-low tumors but not in patients with
CD274 (PD-L1)-high tumors (72). Therefore, clinical trials are needed to assess the combination
of immune checkpoint blockade with aspirin and to assess the predictive values of tumor markers.

For precision cancer prevention, it is ideal to identify individuals free of cancer who can reduce
their cancer risk by regularly using aspirin and to avoid the potential side effects of aspirin in
those who would not benefit from it. The cancer-preventive effects of aspirin appear to be more
prominent for gastrointestinal cancers, especially colorectal cancer, compared with other cancer
types (73), which attests to the potential importance of the gut microbiota and inflammation in
carcinogenesis. Hence, investigations have been conducted to identify biomarkers that can predict
the ability of aspirin to prevent colorectal cancer. In a gene by environment interaction study (74),
the rs2965667 single nucleotide polymorphism (SNP) at chromosome 12p12.3 near the MGST1
gene showed a statistically significant interaction with NSAIDs, including aspirin; regular NSAID
use was associated with a lower risk of colorectal cancer among individuals with the rs2965667
TT genotype, but it was associated with a higher risk of colorectal cancer among those with the
uncommon TA or AA genotypes (observed in 4% of the population). In addition, the rs16973225
SNP at chromosome 15q25.2 near the IL16 gene also showed a statistically significant interaction
with NSAID use; regular NSAID use was associated with a lower risk of colorectal cancer among
individuals with the rs16973225 AA genotype but not among those with the less common AC or
CC genotypes (observed in 9% of the population) (74). Thus, these SNPs may serve as markers for
identifying cancer-free individuals who will benefit from NSAID use to prevent colorectal cancer.
Another study evaluated the statistical interactions of aspirin use with SNPs previously identified
as risk alleles through genome-wide association studies, and it showed not only an interaction
of aspirin with the rs6983267 SNP at chromosome 8q24 but also, among individuals with the
protective T allele, specificity of the association between aspirin use and a lower risk for nuclear
CTNNBI (B-catenin)-positive colorectal cancer (75).

Biomarkers detectable in normal or nonneoplastic tissue may provide information on the cel-
lular and molecular statuses of the local microenvironment, which cannot be obtained through
germline genetic analyses. As a metabolizing enzyme of the prostaglandin pathway, the HPGD
(15-hydroxyprostaglandin dehydrogenase) protein antagonizes PTGS?2 activity and is thought to
function as a tumor suppressor and to augment the activity of aspirin (76). To assess the ability of
biomarkers to predict the efficacy of aspirin chemoprevention, a study was conducted examining
aspirin use in relation to the risk of colorectal cancer according to HPGD mRNA expression levels
in adjacent normal colon mucosa (77). Aspirin use was associated with a lower risk of colorectal
cancer that was accompanied by high levels of HPGD mRNA in adjacent normal colon tissue (77).
Hence, an assessment of the efficacy of aspirin in relation to HPGD expression levels in normal
colon tissue in cancer-free individuals may be warranted.

INSIGHTS INTO PATHOGENIC INTERACTIONS AMONG
ENVIRONMENT, TUMOR, AND IMMUNE SYSTEM

In addition to well-established carcinogens (such as ultraviolet light) that can directly damage
DNA, a causal relationship between a given risk factor and specific tumor DNA changes may not
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be easily demonstrated or proven. As depicted in Figure 1, nearly all exogenous and endogenous
cancer risk factors may influence the tumor microenvironment. Tumor immunity and immunol-
ogy recently have drawn much attention due to rapid advances being made in the field of cancer
immunotherapy and the increasing need for the development of clinical biomarkers of the immune
response (78-80). By combining an assessment of tumor immunology with the MPE approach, one
can assess the influence of exogenous and endogenous factors on carcinogenic processes by gauging
the immune response to a tumor (81). This integrative field of immunology-MPE (immuno-MPE)
can fill a research gap between tumor immunology and epidemiology (81, 82), and it represents a
future direction for cancer research (1, 83). Analyses of the immune status in the tumor microen-
vironment are increasingly being incorporated into large-scale epidemiological cohort studies
(84-89). This relatively new approach has started to shed light on the carcinogenic mechanisms
of certain exposures. Herein, we discuss some notable findings from immuno-MPE studies.

A controversy has persisted about the potential of fish oil or omega-3 polyunsaturated fatty acids
(PUFASs) to prevent cancer (90, 91). In light of experimental evidence for the immunomodulatory
effects of omega-3 PUFAs (92), an immuno-MPE study demonstrated that a higher intake of
omega-3 PUFAs was associated with a lower risk of colorectal carcinomas with high FOXP3*
regulatory T cell (Treg) counts, but it did not lower the risk of carcinomas with low FOXP3*
Treg counts (87). The study also provided in vitro evidence that docosahexaenoic acid (an omega-3
PUFA) suppresses the function of FOXP3* cells, leading to a proliferation of CD4*IL2RA~
effector T cells (87). These findings support the idea that omega-3 PUFAs can suppress the
function of Tregs, thereby stimulating an immune response to a tumor (87). Hence, integrative
immuno-MPE research can provide new insights into the combined role of exposures and immune
cells, and these findings can corroborate and be corroborated by experimental investigations.

Vitamin D is another immunomodulator of interest. Dietary and supplemental vitamin D
intake and systemic vitamin D levels have been associated with lower risks of cancer incidence
and mortality (93). To consider the dual roles of vitamin D in immune modulation and cancer
prevention, an immuno-MPE study was conducted to analyze plasma vitamin D levels (an
indicator of systemic vitamin D status) in relation to the incidence of colorectal carcinoma
subtypes classified by immune response status (94). Interestingly, higher plasma vitamin D
levels were associated with a lower incidence of colorectal carcinomas that had higher stromal
lymphocyte counts but not with a lower incidence of those having lower lymphocyte counts
(94). Therefore, the anticarcinogenic effects of vitamin D appear to be more prominent for
carcinomas with a higher lymphocytic response (94). Because some immune cells have the ability
to enzymatically convert 25-hydroxyvitamin D (a common circulating form of vitamin D) to an
active form of vitamin D—that is, 1«,25-dihydroxyvitamin Ds [1,25(OH),Ds] (95, 96)—a subset
of lymphocytes or other immune cells in the tumor microenvironment may activate vitamin D,
which in turn may influence both neoplastic and nonneoplastic cells in a paracrine or autocrine
fashion, thus hindering tumor growth and survival (94).

Aspirin has been discussed in the preceding section. Here, we describe a study that assessed
aspirin use in relation to the immune response status of tumor tissue. Evidence indicates thataspirin
has effects on both cancer and the immune system (31, 50). Hence, it is possible to hypothesize
that aspirin may reduce cancer incidence through its effects on the immune system. A study was
conducted to assess aspirin use in relation to the incidence of colorectal carcinoma subclassified
on the basis of immune response (88). Regular aspirin use was associated with a lower incidence of
colorectal carcinoma that had no or only low numbers of tumor-infiltrating lymphocytes (TILs),
but not with a lower incidence of carcinoma having higher TIL counts (88). Consistent with these
observations, another study showed that the incidence of colorectal carcinoma with lower levels
of immune response appeared to be increased by proinflammatory diets (i.e., diets associated with
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higher levels of circulating inflammatory biomarkers) (97). Proinflammatory diets are rich in red
and processed meat, sugar, and refined grains, while anti-inflammatory diets are rich in green
leafy vegetables, dark yellow vegetables, coffee, and tea (97). These results suggest that evolving
tumors that have lower levels of immune response may be more sensitive to the antitumor effects
of aspirin and anti-inflammatory diets.

INSIGHTS INTO PATHOGENIC EFFECTS OF DIET AND MICROBIOTA

Undoubtedly, microorganisms play major parts not only in classic infectious diseases but also
in neoplastic disorders. Many microorganisms have been implicated in the pathogenesis of neo-
plasms, including Epstein-Barr virus, hepatitis B and C viruses, HIV, human papillomavirus,
human T cell lymphotropic virus, polyomaviruses, Helicobacter pylori, and Schistosoma haemato-
bium. The field of microbiology has been closely related to both immunology and pathology,
and it can be readily integrated into the framework of MPE (98). Our improved knowledge of
microorganisms and their effects on diseases and the immune system can advance broad areas of
biomedical and public health sciences.

The human body has many more microorganisms than human cells. The intestines are es-
timated to contain at least 100 trillion microorganisms, and the composition of these has been
shown to be influenced by diet (99, 100). The gut microbiota appears to have an important role
in the pathogenesis of tumors not only in the gastrointestinal tract but also at other body sites
(101-103). Evidence suggests that diet, alcohol, medications, and other lifestyle factors influence
the intestinal microbiota, and the gut microbiota can modulate and interact with the immune
system, which influences the evolution of tumors. Some microbes produce metabolites that can
promote tumor growth, whereas others produce short-chain fatty acids, such as butyrate, that can
inhibit inflammatory reactions and tumor development in the intestine (104, 105).

Although a pathogenic link between the intestinal microbiota and colorectal carcinoma has
long been speculated about, comprehensive investigations of the microorganisms that might be
related to carcinogenesis were difficult before the development of next-generation sequencing
technologies. Metagenomic analyses of colorectal carcinoma tissue and normal colon tissue iden-
tified enrichment for Fusobacterium nucleatum in cancers (106, 107). Subsequent studies have pro-
vided evidence for pathogenic roles of F. nucleatum in colorectal cancer (108-113). Colorectal
tumors containing higher amounts of F. nucleatum have been associated with the serrated neo-
plasia pathway (114, 115) and with a number of clinicopathological and molecular characteristics,
including proximal tumor location, especially with the cecum (116), and higher disease stage
(117-119), worse survival (119, 120), lower levels of T cell infiltration (121, 122), higher levels
of macrophage infiltration (123), high levels of microsatellite instability (MSI) (119, 124), and a
high CpG island methylator phenotype (CIMP) (119, 124). Evidence also suggests that intratu-
mor F. nucleatum influences the tumor response to immunotherapy and chemotherapy (125-127),
implying that the analysis of the microbiota may be relevant in treatment decision-making.

Although diet has been associated with the risk of colorectal cancer, the exact mechanisms
remain to be elucidated (128-130). Since diet influences the gut microbiota, it is conceivable
that the effects of diet on tumor development may be at least partly mediated by the microbiota.
Therefore, a study was conducted to test the association of diet with the incidence of colorectal
carcinoma subtypes classified by intratumor amounts of F. nucleatum (131). Interestingly, a so-
called prudent diet thatis rich in whole grains and fiber was associated with a lower risk of colorectal
carcinoma with detectable levels of F. nucleatum but not with a lower risk of carcinoma without the
species (131). These findings suggest that certain diets may decrease the risk of colorectal cancer
through suppression of F. nucleatum.
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Considering the fact that even the best in vivo models (let alone in vitro models) cannot exactly
recapitulate the human diet, microbiota, immune system, and tumor (let alone their interactions),
robust data from human populations are valuable in gaining insights into the pathogenic interac-
tions between environment, host, and tumor.

RESEARCH MODELS GENERATED FROM THE MOLECULAR
PATHOLOGICAL EPIDEMIOLOGY PARADIGM

The integrative viewpoints of MPE have generated new research models. One is the etiological
field effect model (13). The term field effect—also referred to as field defect, field carcinogenesis,
or field cancerization—traditionally implied a field of premalignant cells with somatic genetic or
epigenetic changes, or both, in a tissue or an organ (132). These premalignant cells may have
altered histopathological (morphological) features. Moreover, cellular molecular alterations in
such a field may be detected by molecular pathological analyses. The presence of the field effect
has been associated with the subsequent risk of developing a malignant neoplasm or multiple
synchronous or metachronous neoplasms. Thus, detecting the field effect, along with predicting
the subsequent cancer risk, is of clinical significance (13, 132).

In MPE research, various exogenous or endogenous putative cancer risk factors have been
shown to be associated with specific tumor subtypes. It has been suggested that many etiolog-
ical factors (except DNA mutagens) do not cause genetic alterations directly; rather, they may
cause changes in the tissue microenvironment that favor the growth of cells with a particular
molecular alteration (13). According to this view, changes in the tissue microenvironment can
be regarded as a field of cancer susceptibility (13). The term etiological field effect has been
coined to describe this expanded field effect model that encompasses exogenous and endoge-
nous etiological factors and their influences on the tissue microenvironment (13). The concept
of the etiological field effect has stimulated new research that focuses on cancer prevention and
treatment (132-136).

Another concept related to MPE is the colorectal continuum model (137). Because the
colorectum is a long organ and colorectal carcinomas most often occur in the cecum, ascending
colon, sigmoid colon, and rectum, researchers have used the splenic flexure to divide colorectal
carcinomas into proximal colon carcinomas and distal colorectal carcinomas. The proximal colon
originates from the midgut and is supplied by the superior mesenteric artery, while the distal
colorectum originates from the hindgut and is supplied by the inferior mesenteric artery. These
distinctions led to the conception of dichotomous molecular features in proximal and distal colo-
rectal carcinomas (i.e., proximal tumors are associated with high-level MSI, while distal colorectal
tumors are inversely associated with high-level MST). However, unless researchers examine in de-
tail the locations of carcinomas, the dichotomous model can never be challenged (137). As already
mentioned, accumulating evidence implicates the gut microbiota in colorectal carcinogenesis, and
the gut microbiota does not abruptly change at the splenic flexure, but gradually changes along the
length of the colorectum (137). Yamauchi et al. (138) tested the hypothesis that a fraction of car-
cinomas with a specific molecular feature (such as high-level MSI) might gradually change along
bowel subsites, rather than abruptly change at the splenic flexure. They compared carcinomas
from different locations (including the cecum, ascending colon, hepatic flexure, transverse colon,
splenic flexure, descending colon, sigmoid colon, rectosigmoid junction, and rectum), and showed
that the fractions of MSI-high carcinomas, CIMP-high carcinomas, and BRAF-mutant carcino-
mas gradually increased from the rectum to the ascending colon (138). These data challenge the
dichotomous model and instead support a continuum model. Subsequent studies of independent
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data sets have supported the continuum model (122, 139-143), which is consistent with impor-
tant roles for exogenous and endogenous factors in tumorigenesis, such as the microbiota and
immunity.

CHALLENGES

Challenges exist in MPE, and importantly, these also are challenges for pathology more broadly.
Thereisarelative lack of scientists with interdisciplinary expertise, knowledge, and skill sets. There
also is a dearth of interdisciplinary educational programs that can provide adequate professional-
level training in pathology, statistics, epidemiology, and bioinformatics. The rarity of interdis-
ciplinary experts and the rarity of educational programs are interrelated and make it difficult to
conduct integrative transdisciplinary research, which requires researchers who are competent in
each of these diverse fields. Just as no untrained scientist should sign out a pathology or laboratory
report, no scientist who lacks competence in statistical analyses should conduct such studies (144).
Often, multidisciplinary projects are conducted by groups of scientists, each with expertise in a
specific field. In fact, most MPE-type research projects in the 1990s and 2000s were conducted
in this manner (6). However, until relatively recently, the power of the integrative viewpoint of
the MPE approach had not adequately been demonstrated. Ideally, such studies would be led
by one scientist with transdisciplinary expertise, which is optimal for developing novel concepts,
paradigms, and models.

Another challenge is obtaining adequate support for interdisciplinary science. Despite data
indicating the generally stronger impacts of interdisciplinary projects, there is evidence that trans-
disciplinary proposals have a lower rate of funding success (145). One reason may be the paucity
of transdisciplinary experts who can fairly evaluate the true value of interdisciplinary research. It
is hoped that this will change as the value of transdisciplinary approaches becomes more evident.

OPPORTUNITIES, INCLUDING THE INTEGRATION OF NEW
TECHNOLOGIES TO ASSESS PATHOLOGY

MPE offers ample opportunities. Figure 6 illustrates the new frontiers that have arisen or are aris-
ing from MPE. In addition to the emerging disciplines shown, there are, and will be, many hybrid
disciplines, each of which comprises MPE combined with (or applied to) any of the numerous
disease-based and medical practice-based disciplines. The most commonly studied hybrid area
is cancer MPE, an integration of MPE and cancer research. Many of these emerging disciplines
have not been extensively explored, thereby providing ample opportunity for the investigation
and development of new paradigms, frameworks, and methodologies.

Why does the MPE framework generate such a wide range of new opportunities? Both pathol-
ogy and epidemiology are genuinely method-based scientific fields in contrast to other fields that
focus narrowly on, for example, certain environmental factors (e.g., nutritional science focusing
on questions of nutrition), diseases (e.g., oncology focusing on cancer), or a particular type of
medical practice (e.g., perinatology focusing on perinatal medicine). Hence, both pathology and
epidemiology are applicable to research on any disease or any other biomedical or health science
field. And as an integration of pathology and epidemiology, MPE is also a genuinely method-based
discipline that can be applied to any research area (21). Because of its versatile nature, MPE can
enhance not only research on virtually all human diseases but also a wide range of scientific fields
(11). For instance, the MPE framework and its methods can be integrated into immunology (81),
life course epidemiology (146), microbiology (98, 131), pharmacology (49), and the social sciences
(147).
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Figure 6

Molecular pathological epidemiology (MPE) is developing new scientific frontiers. Because MPE is a
method-based discipline, its analytical frameworks can be applied to other scientific disciplines, such as
environmental science, nutritional science, and pharmacology. MPE also drives the development of new
analytical methods, creating subfields such as causal inference-MPE and life course-MPE. Finally, MPE and
its related disciplines can be applied to any disease-specific research area.

Computational pathology is a discipline emerging in parallel with the evolution of big-data
science and precision medicine (148). The rapid increases in computational capacity (including ar-
tificial intelligence) and the availability of large amounts of digitized pathological and other clinical
data have created an opportunity to apply mathematical models and machine-learning algorithms
to big data. In clinical medicine, artificial intelligence can be used to support health-care providers
in making objective and comprehensive diagnoses by using various data sources (e.g., patient
information, laboratory data, radiological images, and pathology results), and computational algo-
rithms can also be used to aid decision-making. Digital computational pathology may potentially
solve the problem of inter- and intraobserver variations and measurement errors, which have been
nearly intractable in conventional anatomical pathology practice. Hence, computational pathol-
ogy can contribute to developing an accurate, standardized diagnosis system to improve health
outcomes as well as to accelerating the use of MPE in population science. For example, quantitative
digital pathology imaging systems can help us to implement tissue immune-cell analysis, which
has not been adequately integrated into routine clinical practice due to difficulty in standardizing
assays. In the near future, computational pathology will have a central role in integrating
pathological, clinical, and epidemiological data, and further, it will drive precision medicine and
public health.

While current pathological analyses are usually applied to cells and tissues that are not alive,
pathological states may be better evaluated using living cells and tissues. Endomicroscopy (or
endocytoscopy) is one such in vivo pathology technology that allows real-time histopathological
examination in vivo without the need for biopsy or tissue resection (149, 150), and it has the
potential to transform pathology, medical practice, and epidemiology. In MPE research, in vivo
pathology technologies have the potential to provide novel insights into the influence of host
factors on the occurrence and progression of diseases. Gastrointestinal neoplasms serve as a
practical model for MPE research using in vivo pathology because malignant and premalignant
lesions are accessible endoscopically.
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HOW CAN MOLECULAR PATHOLOGICAL EPIDEMIOLOGY BE USED
IN PATHOLOGY TRAINING PROGRAMS?

Much beyond its roles in research, learning the principles and methods that underlie MPE can
enhance education and training in pathology and ensure rigor in research and clinical practice.
There has been a growing problem of nonreproducibility in research (144, 151). While there are
multiple interrelated causes, one major cause is inadequate training in statistics and epidemiology.
This issue is becoming even more substantial as we increasingly deal with big data (144). To solve
this problem, scientists in the field of MPE (who have ties to pathology) can provide educational
programs in which trainees can learn the principles of data science, statistics, and epidemiology,
including important methods for analyzing and interpreting pathology data (21). By implementing
MPE programs in pathology, departments and divisions can ameliorate current weaknesses in the
field of pathology and help ensure rigor in pathology science and practice.

CONCLUSIONS

In the era of precision medicine and big-data research, the field of pathology needs to trans-
form to integrate data science. The evolving field of MPE represents a successful model of the
interdisciplinary integration of pathology and data science. The field of MPE can contribute to ad-
vancements in the field of pathology. In addition, consistent with the unquestionable importance
of exogenous and endogenous factors (i.e., the exposome or envirome) in cancer and other dis-
eases, MPE research has provided novel insights into the pathogenic roles of these factors. These
insights could not be gained through traditional research approaches. Because of the complexities
of human diseases, MPE research must work with both in vivo and in vitro experimental research
to improve our understanding of disease pathogenesis. To foster transdisciplinary science, we
must address current inadequacies in integrative transdisciplinary education and improve funding
mechanisms for unconventional paradigm-shifting approaches. Only by doing so will the promise
of integrative scientific approaches such as MPE be fully realized.

SUMMARY POINTS
1. In the era of precision medicine and multi-omic big data, pathology needs to transform

by adopting pathobiological data science approaches.

2. All biomedical researchers need to be competent in study design, statistical analysis, and
data interpretation.

3. The transdisciplinary field of molecular pathological epidemiology (MPE) is a successful
model for integrating pathology and data science.

4. MPE can develop the conceptual and analytical frameworks needed to examine the inter-
active pathogenic roles of exogenous and endogenous factors (including the microbiome),
the host (including germline genetics and immunity), and tumor molecular pathology.

5. MPE will not only enhance our understanding of the pathophysiological roles of in-
teractions among environment, host, and tumor but also help develop preventive and
therapeutic strategies for precision medicine.
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