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Abstract

In 2016 there were an estimated 7,460 newly diagnosed patients with marginal zone lymphoma
(MZL) in the US, which comprised 7% of all mature non-Hodgkin lymphomas (NHL). Based on
data from the US SEER-18 program from 2001-2017, the age-standardized incidence rate for
MZL was 19.6 per 1,000,000 person-years; 9% of MZL cases were splenic MZL (SMZL), 30%
nodal MZL (NMZL), and 61% extranodal MZL (EMZL) of mucusa-associated lymphoid tissue
(MALT). Incidence rates were slightly higher in men for SMZL and NMZL, but similar for
EMZL, and increased steeply with age for all MZL subtypes. The incidence (age-standardized per
1,000,000) of MZL was highest among non-Hispanic whites (20.7), followed by Hispanics of all
races (17.6), non-Hispanic blacks (15.4), and Asian/Pacific islanders (15.0). The incidence of
MZL increased +1.0% per year in the US from 2001-2017, with increases reported in other
countries during this timeframe. The 5-year relative survival rate for MZL in the US was 89.8%
and was similar across racial/ethnic groups and by sex; survival rates have been increasing in the
US and other countries. Established risk factors for MZL (or MZL subtypes) include family
history of NHL, genetic loci in the HLA region, Helicobacter pyloriinfection (gastric MALT
lymphoma), and several autoimmune diseases (Sjogren syndrome, systemic lupus erythematosus
and Hashimoto thyroiditis), with strong (but not definitive) evidence for Chlamydia psittaci (ocular
adnexal MALT lymphoma), Borrelia burgdorferi (cutaneous MZL), hepatitis C virus, human
immunodeficiency virus, and solid organ transplantation. Promising risk factors that require
additional study include other infections, other autoimmune conditions, trichloroethylene
exposure, certain occupations, hair dye, cigarette smoking, sun exposure (protective), and alcohol
use (protective). MZL is a model of an antigen-driven malignancy, where epidemiologic risk
factors, tissue-specific factors, and host immune response (including the impact of chronic
inflammation and immunosuppression) drive lymphomagenesis with implications for prevention.
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Introduction

Marginal Zone Lymphoma (MZL) is an indolent subtype of non-Hodgkin lymphoma (NHL)
with an estimated 7460 new cases diagnosed in the US in 2016, which represents 7% of all
mature NHL (1). There are three recognized subtypes of MZL. Extranodal MZL (EMZL) of
mucosa-associated lymphoid tissue (MALT) was first described in 1983 (2), and was
included in the REAL Classification in 1994 (3), while the other two subtypes, nodal MZL
(NMZL) and splenic MZL (SMZL), were added as entities in the World Health Organization
(WHO) classification for hematologic and lymphoma tissues in 2001 (4). All three entities
were included in the International Classification of Diseases for Oncology, Third Edition
(ICD-0-3)(5) which was published in 2000 and has been used by the Surveillance,
Epidemiology and End Results (SEER) Program to generate US statistics since 2001.
Diagnosis and classification of MZL subtypes can be challenging in practice due to frequent
mixed clinical scenarios. In a large French study, the concordance between referral and
expert review was relatively high for MALT lymphoma (83.0%) and SMZL (79.6%), but
lower for NMZL (59.2%), with the latter changing from a low-grade B-NHL to NMZL in
88% of patients (6). A nested classification of lymphoid neoplasms for epidemiologic
research was developed in 2007 by the International Lymphoma Epidemiology (InterLymph)
Consortium (7), and has been incorporated into the SEER statistics for descriptive
epidemiology as well as used to facilitate pooling across epidemiology studies. The
descriptive epidemiology data on MZL in the SEER database, which also underlies
classification in many case-control and cohort studies, uses very specific coding rules to
classify MZL and its subtypes (8), acknowledging challenges in coding from routine
pathology and clinical records.

Given the relative recent identification of these entities, population-based data on incidence
of MZL and epidemiologic studies to identify risk factors are in many ways still in their
infancy. For example, epidemiologic studies prior to the late 1990s are unable to assess
MZL, as they are distributed across a majority of the Working Formula categories (7) and
would require re-review of all pathology. The current challenges in classification of MZL
and its subtypes would also impact both the descriptive and analytic epidemiology findings.
Further, until recently much of the literature focused on analyzing NHL as a single entity
and NHL subtype associations were only a secondary objective. In addition, early case-
control and cohort studies often did not have a large number of cases, and therefore had too
few cases to assess associations with rarer subtypes like MZL. To overcome these issues, the
InterLymph Consortium initiated the Subtypes Project in order to pool individual-level study
data from 20 case-control studies (17,471 cases and 23,096 controls) in order to examine a
range of risk factors for each of the major NHL subtypes, including 1,052 MZL cases
(EMZL N=633, NMZL N=157, and SMZL N=140), and then to systemically evaluate risk
factor patterns across subtypes (9).
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As a comprehensive review of the epidemiology of NHL was recently published (10), this
review first focuses on the descriptive epidemiology of MZL, including incidence by age,
sex, race/ethnicity, and then on the analytic epidemiology that identifies genetic and
environmental risk factors for MZL.

Descriptive Epidemiology

Incidence

Using data from the SEER-18 program (11), the age-standardized incidence rate (using the
US year 2000 as the standard population) for MZL from 2001-2017 was 19.6 per 1,000,000,
and was slightly higher in males (20.5) compared to females (19.1), with an incidence rate
ratio (IRR) of 1.07 (Table 1). EMZL represents 60.8% of MZLs, followed by NMZL
(30.3%) and SMZL (8.9%) in the SEER data. Both SMZL (IRR=1.17) and NMZL
(IRR=1.15) were slightly more common in males, while the incidence rates for males and
females were nearly identical for NMZL (IRR=1.02). For EMZL, the most common
anatomic sites were the stomach (30%), followed by eye/adnexa (12%), skin (10%), lung
(9%) and salivary gland (7%). The male to female ratio was most skewed to males for
NMZL of the skin (IRR=1.47), nasopharynx (IRR=1.33), small intestine (IRR=1.32) and
colorectum (IRR=1.30) and was most skewed to females for breast (IRR=0.06), salivary
gland (IRR=0.48), and thyroid (IRR=0.56).

For each MZL subtype, the incidence increased sharply with age (Figure 1), similar to many
other common cancers in adults, and suggests a role for cumulative lifetime exposures and
increasing susceptibility with age. This pattern also holds for the 5 most common sites of
EMZL, with the age-incidence curve steepest for EMZL of the stomach (Figure 1).

Overall, incidence rates (age standardized per 1,000,000) for MZL are highest in non-
Hispanic whites (20.7), followed by Hispanics of all races (17.6), and then non-Hispanic
blacks (15.4) and Asian/Pacific Islanders (15.0); this pattern held for SMZL, NMZL and
EMZL (Table 2). Non-Hispanic whites had generally higher incidence rates for the various
anatomic sites of EMZL, with the exception of higher incidence (IRR>1.2, A<0.05) of
colorectal (IRR=1.92), thyroid (IRR=1.47), and eye/adnexa (IRR=1.42) in Asian/Pacific
Islanders; and salivary gland (IRR=1.44) and colorectal (IRR=1.32) in Hispanics of all
races.

The US trends in incidence of MZL from 2001-2017 are shown in Figure 2, with a
statistically significant increase in the age-adjusted incidence for MZL overall (+1.0% per
year) and for SMZL (+1.4% per year) and EMZL (+1.1% per year), while the much smaller
annual increase for NMZL (+0.5% per year) was not statistically significant. The time trends
for MZL overall (Figure 2) were increasing for non-Hispanic whites (+1.1% per year) and
blacks (+1.9% per year), while there was no statistically significant change for Asian/Pacific
Islanders (—0.7% per year) or Hispanics (+0.7% per year). Of the most common EMZL
sites, skin (+4.8% per year) and lung (+2.1% per year) were increasing, stomach (-1.7% per
year) and salivary gland (—1.3% per year) were decreasing, and eye/adnexa was largely
stable (Figure 2).
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International comparisons of MZL rates are limited due to a general lack of data, and even
when there are data they need to be evaluated with caution due to differences in pathology
review, cancer registration, case definition (including reporting of subtypes), timeframes,
standard populations (used for incidence comparisons), and other factors; nevertheless, they
can provide some insights. In a large international pathology study of the relative
frequencies of NHL subtypes (excluding CLL) based on 4,539 consecutive cases from 26
centers in 24 countries (12), EMZL of MALT type accounted for a higher percentage in
developed countries (8.8%) compared to developing countries (5.2%, £<0.05), while
frequencies were similar for NMZL and SMZL combined in developed (3.0%) and
developing (2.5%) countries. Compared to age-standardized MZL incidence rates (per
1,000,000) in the US for MZL for 2001-2009 (18.3) (13), MZL rates were lower in France
(Cote d’Or) for 2000-2009 (15.0) (14), Australia for 1997-2006 (5.0) (15), Singapore for
2008-2012 (10.0) (16), and Japan for 2008 (5.0) (17), and higher in the UK for 2004-2012
(26.2) (18). Male-to-female IRRs for MZL from these studies ranged from 0.5 for Japan, 1.0
for Australia, 1.1 for the US, 1.3 for Singapore, 1.5 for France, and 1.6 for the UK, all of
which are much smaller than that seen for most other NHL subtypes which tend to have a
strong male predominance (10). MZL incidence rates were increasing in the US for 2001-
2009 (13), France for 2000-2009 (14), Australia for 1997-2008 (15), Singapore for 1998-
2012 (16) and Japan for 1993-2008 (17), with some but not all of the increase likely driven
by better pathologic diagnosis of MZL over time.

Survival and mortality

Based on data from the SEER-18 Program for cases diagnosed 2000-2017 (11), the 5-year
relative survival rate for MZL, which accounts for competing causes of death, was 89.8%,
and was similar across racial/ethnic groups (Table 3). NMZL had the lowest survival
(82.8%), with higher survival for SMZL (85.3%) and EMZL (93.8%), and survival rates
were similar across race/ethnicity except for a lower survival for SMZL in Hispanics of all
races (76.3%). Of EMZL sites, 5-year survival was highest for skin (100%) and lowest for
small intestine (87.9%). While data for EMZL sites by race/ethnicity were limited, the most
notable disparities were lower survival for colorectal and lung EMZL in non-Hispanic blacks
and lung EMZL in Asian/Pacific Islanders. The 5-year relative survival rates by sex were
very similar for most MZL subtypes and EMZL sites, with differences between sexes of
more than 10% only observed for EMZL of the nasopharynx, breast, and kidney/bladder
(Figure 3).

The 5-year relative survival rate for MZL in the UK was 77.2% for cases diagnosed 2004—
2012, with little sex difference (18), and 80% in the Netherlands from 1989-2008, also
similar by sex (19). Based on data from HAEMACARE (48 registries in 20 European
countries), the estimated 5-year relative survival for MZL cases diagnosed 2000-2002 was
81.4%, with only minor differences by sex or region of Europe (20). In Singapore, 5-year
age-standardized relative survival for MZL increased from 1998-2002 (76.4%) to 2003-
2007 (80.8%) to 2008-2012 (86.7%), and while the male/female gap decreased, it was still
higher in males (91.1%) compared to females (81.3%) for 2008-2012 (16). In the US from
1995-2009, 5-year relative survival for all MZL was 84.4% (21), and MZL overall survival
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improved slightly in the National Cancer Database (hospital-based registries that cover
~70% of US population) from 1998-2000 to 2004-2006 (22).

Family History and Genetic Susceptibility

In the InterLymph Subtypes Project, a family history of NHL in a first degree relative was
associated with a 1.65-fold increased risk of MZL (95%CI 1.10-2.46) and this association
was not attenuated by adjustment for potential confounding factors (23). This risk estimate
aligns with data from a pooled analysis of five Nordic registries from 1955-2010
(standardized incidence ratio (SIR)=1.6, 95%CI 0.8-2.8) (24). The latter study also found
elevated risk of MZL in persons with a first-degree relative with DLBCL (SIR=4.0, 95%ClI
1.5-8.7), while there were too few cases of other NHL subtypes to estimate risk of MZL. In
the InterLymph Subtypes Project (23), risk was also elevated for a first-degree family history
of leukemia (OR=1.66, 95%CI 1.15-2.38) or Hodgkin lymphoma (HL, OR=2.73, 95%ClI
1.36-5.50), but not with multiple myeloma (OR=0.55, 95%CI 0.13-2.37). For many
common lymphoma subtypes, any family history of lymphoma is associated with an
increased risk of that subtype, while a family history of a specific subtype tends to show the
strongest risk association for that subtype, suggesting both a shared etiology across multiple
subtypes as well as a role for subtype-specific genetic factors (25). For MZL, the former
association is evident, while for the latter association there are no data for a family history of
MZL as a risk factor for MZL per se, perhaps in part due to its fairly recent addition as a
lymphoma subtype as well as its relative rarity. Finally, while familial aggregation represents
both shared genetic and environmental factors, the findings to date suggest that the
associations with family history, including risk of MZL, are not strongly confounded by
non-genetic risk factors (26).

Genetic epidemiology studies are used to identify genetic loci. Linkage studies in families
are most commonly used to identify genes with major susceptibility effects (e.g.,
Mendelian), but there are no linkage studies of MZL or most major NHL subtypes (25). The
lack of major genes identified in MZL may be due to the relatively recent introduction of
this subtype. But the lack of identification of major genes for MZL or any of the major
lymphoma subtypes (including CLL, which has high hereditability) also raises the
hypothesis that multiple, low to moderate risk variants that are common in the population
(i.e., >5% minor allele frequency) may be more relevant in lymphoma etiology than single,
highly penetrant variants that are very rare (26). To identify common genetic variants, the
case-control study design is most commonly used, and either evaluates candidate genes
(hypothesis driven) or the entire genome simultaneously via an agnostic (hypothesis-free)
genome-wide association study (GWAS) approach (26). Prior to GWAS, there were no
studies targeted specifically for MZL, and MZL was rarely reported as a subtype finding in
studies of all NHL (25). In an InterLymph two-stage GWAS of 1,281 MZL cases and 7,127
controls of European ancestry (27), two independent loci in the HLA region were identified
near HLA-B (rs2922994, P=2.43 x 1079) and BTNL2 (rs9461741, P=3.95 x 10715),
Associations were slightly stronger for EMZL versus other MZL, but there was no evidence
for heterogeneity (#>0.05). While no imputed HLA alleles reached genome-wide
significance, HLA-B*08.:01 and the HLA-B allele encoding an aspartic acid residue at
position 9 (Asp9) in the HLA-B peptide binding grove were strongly associated with MZL
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and were in high linkage disequilibrium with the GWAS SNP rs2922994 near HLA-B
(r?=0.97), and thus were not distinguishable from each other in conditional modelling. For
HLA class Il, there was a suggestive association with HLA-DRB1*01:02, which was
correlated with the GWAS SNP rs9461741 near BTNLZ2 (r=0.69), and these were also not
distinguishable from each other in conditional modelling. However, HLA-B*08:01 and
HLA-DRBI1#*01:02were independent when included in the same model, which further
supported independent loci for HLA class | and Il loci with MZL risk.

The HLA region is one of the few genetic regions associated with multiple NHL subtypes,
showing strong associations with DLBCL, follicular lymphoma (FL), CLL/SLL, HL, and
natural killer/T-cell lymphoma (NKTCL), although specifics vary by subtype (25).
Interestingly, GWAS-based analysis of MZL and three autoimmune diseases (rheumatoid
arthritis, systemic lupus erythematosus, and multiple sclerosis) found only a few weakly-
associated loci jointly shared and these loci explained little total risk, suggesting that
common genetic variation may not be the primary explanation for the link between MZL
and autoimmune disease.

In an analysis of HLA diversity and MZL risk using the InterLymph GWAS data,
homozygosity at class | HLA-B (OR=1.34 95%CI 1.01-1.78) and HLA-C (OR=1.33,
95%Cl 1.04-1.70) and at class Il HLA-DRB1(OR=1.45, 95%CI 1.12-1.89) were associated
with increased risk of MZL (28). Similar associations were observed for DLBCL, while FL
and CLL showed different patterns with HLA zygosity. These findings support the larger
hypothesis that homozygosity at HLA loci reduces the diversity of peptides that can be
presented, reflecting the ability to respond to infectious agents, autoimmune conditions, or
cancerous cells, and is thus of relevance for MZL etiology.

Infectious Agents

Helicobacter pylori

The International Agency for Research on Cancer (IARC) has classified H. pylorias
carcinogenic to humans (Group 1) with sufficient evidence that they cause low-grade B-cell
MALT gastric lymphomas in humans (29). H. pyloriis a gram-negative bacterium, and
infection can range from asymptomatic to the development of gastritis associated with
mucosal atrophy, ulceration, and gastric cancer, which includes gastric adenocarcinoma as
well as the less common (<5%) gastric MALT lymphoma. The evidence of a causal role of
H. pyloriin gastric MALT lymphoma includes isolation of H. py/ori from a majority of
MALT lymphomas (30); epidemiologic study showing a strong association of prior infection
with risk (31); isolation of the B-cell lymphoma clone in the chronic gastritis that preceded
the MALT lymphoma (32); and eradication of H. py/oriwith antibiotics and proton pump
inhibitors leading to regression of gastric MALT lymphoma in over 75% of cases and
subsequent long-term survival (33). In the InterLymph Subtypes Project, peptic ulcer was
associated with MZL (OR=1.51, 95%CI 1.21-2.03), and this was specific to EMZL
(OR=1.83, 95%CI 1.35-2.49) and was not associated with NMZL or SMZL (23). In the
SEER-Medicare study of 4289 MZL cases and 200,000 controls, gastric ulcer was
associated with increased risk of MZL (OR=1.55, 95%CI 1.28-1.88), but not risk of
DLBCL, CLL/SLL, FL or TCL (34). The pathogenic mechanism underling this association
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likely initially involves chronic inflammation, lymphocyte infiltration, antigenic stimulation,
direct effects of B-cell stimulation, and perhaps oxidative stress; later events include
accumulation of genetic abnormalities (decreasing the role of antigenic stimulation) and
histologic transformation (33). There is evolving evidence of strain pathogenicity (e.g.,
stains expressing cytotoxin-associated gene A [CagA] protein are associated with MALT
lymphoma) and interaction with host genetic susceptibility (35).

Hepatitis Viruses

Hepatitis C Virus (HCV) is an RNA virus that is both hepatotropic and lymphotropic and is
typically transmitted through blood. IARC has also classified HCV as a Group 1 carcinogen
and causally associated with B-cell lymphomas (29). HCV infection was associated with
MZL (OR=3.41; 95%CI 2.39-4.87) in a meta-analysis of 220 MZL cases and 3,003 controls
from 5 studies (36), and this association was also observed in a SEER-Medicare study of
1,908 MZL and over 120,000 controls (OR=2.20; 95%CI 1.22-3.95) (37). In an InterLymph
pooled analysis of 383 MZL cases and 6,269 controls, HCV seropositivity was associated
with MZL (OR=2.47; 95%CI 1.44-4.23) (38). In the InterLymph Subtypes Project, HCV
seropositivity was most strongly associated with EMZL (OR=5.29, 95%CI 2.48-11.28) and
NMZL (OR=4.36, 95%CI 0.54-35.38) but not SMZL (OR=0.84, 95%CI 0.11-6.28)(23). In
support of a potential causative association, all 9 patients with HCV+ SMZL had disease
regression after treatment with INFa and ribavirin (39); this initial observation has been
extended, with treatment leading to remission in ~75% of HCV+ MZL cases of various
subtypes (33). While the underlying pathobiology remains to be fully determined, the
leading hypothesis is thought to be chronic inflammation, chronic antigenic B-cell
stimulation, and B-cell clonal expansion, while evidence for B-lymphocyte infection is
mixed and a direct transforming role has not been shown (40).

Hepatitis B virus (HBV) is a small DNA virus that was judged in a 2009 evaluation by
IARC to be a Group 1 carcinogen, but to have only limited evidence of a causal link with
NHL (29). In a meta-analysis of 17 case-control and 5 cohort studies (over 40,000 NHL
cases), HBV infection was associated with an increased risk of NHL overall (OR=2.24,
95%Cl 1.80-2.78), but MZL was not assessed (41). In the SEER-Medicare study, HBV did
not show a statistically significant elevation in risk of MZL (OR=1.51, 95%CI 0.71-3.22)
(37).

Human Immunodeficiency Virus (HIV)

HIV is classified as a Group 1 carcinogen by IARC with sufficient evidence in humans that
it causes NHL in humans (29). While MZL is not an AIDS-defining lymphoma subtype, risk
of MZL (SIR=2.4, 95%CI 1.6-3.4) was elevated in HIV/AIDS relative to the general
population, with similar risks in people with HI\-only and with AIDS and in pre and post-
HAART eras (42), suggesting mechanisms other than immunodeficiency (driver of AIDS-
defining lymphoma subtypes) and raising the more likely mechanism of chronic antigenic
stimulation by HIV in MZL pathogenesis.
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Chlamydia psittaci

C. psittaciis an obligate intracellular bacterium using found in animals (e.g., birds, cats and
other pets) and is spread to humans through inhalation of aerosolized bacteria or handling
contaminated feathers or fecal matter with significant geographic variability (43). It has been
detected in a variety of B-cell lymphomas including EMZL of the lungs, skin, thyroid and
salivary glands (35), but it is most strongly linked to ocular adnexal MALT lymphomas, with
an Italian series detecting C. psittaci DNA in 80% of cases compared to nonneoplastic
orbital biopsies (0%) or reactive lymphadenopathy samples (12%) (44). Treatment of cases
with doxycycline has an overall remission rate of 48% summarized across 7 reports, adding
further evidence for a causal role (33). Mechanistically, C. psittaciis thought to create an
ongoing inflammatory response, where auto-antigens could be exposed and presented,
driving proliferation and expansion of self-reactive B cells (45).

Borrelia burgdorferi

B. burgdorferi, a bacterium that is the causative agent of Lyme disease, is transmitted to
humans by tick bite. The correlation of a skin manifestation of Lyme disease (acrodermatitis
chronica atrophicans) and cutaneous B-cell lymphomas led to the initial evaluation of B.
burgdorferias a potential causative factor (46). B. burgdorferiinfection varies widely by
geography, with higher rates in endemic areas (e.g., parts of North American and Central
Europe), where it can be detected in 10% to 40% of patients with cutaneous MZL (35).
Remission after antibiotic treatment has been documented in anecdotal case reports (33). A
large case-control study did not observe an association of tick bite, or presence of anti-
Borrelia antibodies with risk of MZL overall (results for cutaneous MZL not reported) (47).
Mechanistic parallels with H. pylorihave been noted, with the infection driving chronic
antigenic stimulation resulting in infiltration of the dermis by lymphocytes and formation of
germinal centers (33).

Campylobacter jejuni

Immunoproliferative small intestinal disease (IPSID) is a rare MALT lymphoma subtype
endemic in the Mediterranean region and the Middle East (35). It can be managed with
sustained antibiotics in a majority of patients, while untreated patients can undergo
histologic transformation to DLBCL (33). The pathogenesis of IPSID is thought to be
chronic antigenic stimulation of the intestinal immunoglobulin A secretory immune system,
further suggesting an infectious etiology (48). An initial case series (49) and a confirmatory
case report (50) identified C. jejuni, a bacterium usually carried by birds that causes food-
borne infections in humans, in the biopsy samples of 5 of 8 patients with IPSID; two patients
treated with antibiotics responded. Whether this is a causal association remains to be
determined (35).

Other infectious agents

Achromobacter xylosoxidans, a gram-negative betaproteo-bacterium, has been suggested as
an etiologic agent in pulmonary MALT lymphomas based on a study from six European
countries that reported detection of A. xylosoxidans in 46% of 124 cases compared to 18%
of 82 control tissues (51). Further studies are needed to establish a casual association.
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Other biologic agents classified by IARC as Group 1 carcinogens and linked to lymphomas
are Epstein-Barr virus (EBV), Kaposi sarcoma herpes virus (KSHV), and Human T-cell
lymphotrophic virus, type 1 (HTLV-1) (29). EBV is causally linked to Burkitt lymphoma
(BL), extranodal NKTCL, nasal type and NHL in the context of immunosuppression, but not
to MZL (10). Infectious mononucleosis was not associated with risk of MZL in an
InterLymph pooling project (OR=0.97, 95%CI 0.64-1.47) (52). HTLV-1 is linked to adult T-
cell leukemia and lymphoma and not to other lymphoma subtypes (10). KSHV is a causal
agent in primary effusion lymphoma (29), and in a case-control study was linked with
lymphoplasmacytic and low-grade B-cell lymphoma NOS, but was not associated with MZL
(53).

Human Pegivirus (HPgV) is a single-stranded RNA virus transmitted through parenteral,
sexual, and perinatal routes. In a study of 184 MZL cases and 1,572 controls, HPgV viremia
was associated with elevated risk of MZL after adjusting for multiple NHL risk factors
(OR=1.93, 95%CI 1.03-3.63) (54), while a smaller case-control study (75 MZL cases)
found no association (OR=1.02, 95%CI 0.05-6.03) (55).

Medical History Risk Factors

Autoimmune Conditions

In an InterLymph pooling project (56), risk of MZL was strongly associated with Sjégren
syndrome (OR=30.6, 95%CI 12.3-76.1), particularly secondary SS (OR=44.6, 95%CI 10.6-
187). Of MZL of known anatomic sites, Sjogren syndrome was associated with a 1000-fold
risk of parotid gland MALT lymphoma (OR=996, 95%CI 216-4596). Systemic lupus
erythematosus (SLE) was also associated with increased risk of MZL (OR=7.52, 95%CI
3.39-16.7), while there were weaker elevated risks with pernicious anemia (OR=2.29,
95%Cl 0.58-8.94), Crohn disease (OR=2.41, 95%CI 0.69-8.46), and hemolytic anemia
(OR=2.23, 95%CI 0.24-21.0), although none of the latter estimates were statistically
significant. Finally, MZL was not associated with psoriasis, ulcerative colitis, type 1
diabetes, sarcoidosis, or multiple sclerosis. Chronic autoimmune (Hashimoto) thyroiditis has
been associated with a 67-fold risk of primary thyroid lymphoma (95%CI 40-11) (57), most
commonly as a MALT lymphoma or high-grade lymphoma transformed from a MALT
lymphoma (58). In the large SEER-Medicare study of 1,908 MZL cases and >120,000
controls (59), MZL was associated with Sjogren syndrome (OR=6.6, 95%CI 4.6-9.5), SLE
(OR=2.8, 95%CI 1.7-4.7), hemolytic anemia (OR=7.4, 95%CI 3.1-18), celiac disease
(OR=3.5, 95%ClI 1.3-9.8), pernicious anemia (OR=1.4, 95%CI 1.0-1.8), and rheumatoid
arthritis (RA, OR=1.2, 95%CI 1.0-1.6), while there was no association with 19 other
autoimmune conditions including Crohn disease and Hashimoto thyroiditis (no data on
thyroid EMZL per se). In the InterLymph Subtypes Project (23), MZL was associated with
autoimmune conditions classified as B-cell (OR=5.75, 95%CI 3.11-8.33) but not T-cell
(OR=1.05, 95%CI 0.72-1.52) activating, consistent with the strong associations with
Sjogren syndrome and SLE, and these associations extended to each of the EMZL, NMZL,
and SMZL subtypes. While it is challenging to disentangle the effects of disease, treatments
(which are often immunosuppressive, and some are cytotoxic), and host factors (including
shared genetics or environmental factors), current understanding is that level of
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inflammation and disease severity are the major drivers of lymphoma development via direct
antigenic stimulation by microbial or auto-antigens, indirect immune stimulation by chronic
inflammation, or molecular changes leading to constitutive B-/T-cell activation, which are
specific to each autoimmune/inflammatory condition (60).

Solid Organ Transplantation

Atopy

Solid organ transplantation includes an early, intense induction phase of immunosuppression
followed by a later maintenance phase and long-term chronic immune dysfunction
predisposing to the development of lymphoma (61). In a large cohort, solid organ transplant
recipients had a 6-fold overall excess risk of lymphoma compared to the general population
(SIR=6.2; 95%CI 5.9-6.5) (62). The excess risk was most strongly associated with a distinct
spectrum of aggressive NHL subtypes (e.g., DLBCL, BL, and several T-cell lymphomas;
SIRs 10-100), but there was also a moderate elevation in risk for MZL (SIR=2.2, 95%ClI
1.6-3.1), which was restricted to EMZL (SIR=2.8, 95%CI 1.9-4.0) and not elevated for
SMZL/NMZL (although only based on 6 cases). Elevated risks for MZL were observed
across the age spectrum, time since transplantation, and type of transplanted organ. In the
SEER-Medicare study, solid organ transplantation was strongly associated with DLBCL
(OR=4.27, 95%CI 3.23-5.64) and TCL (OR=3.58, 95%CI 1.82-7.03), and more modestly
with MZL (OR=1.92, 95%CI 0.97-3.79) (34). The WHO recognizes EBV-positive MALT,
but EBV negative MALT is not recognized as PTLD (63). The magnitude and pattern of risk
supports a role immunosuppression impacting microbial activity and leading to chronic
antigenic stimulation at commonly affected EMZL sites.

In the InterLymph Subtypes Project, a history asthma without other atopy (i.e., allergy, hay
fever, eczema) was associated with an increased risk of MZL (OR=1.42, 95%CI 1.03-1.97)
compared to no history of asthma or atopic conditions; people with asthma and an atopic
condition were not at elevated risk (OR=0.93, 95%CI 0.70-1.25)(23). In an exploratory
analysis by MZL subtype, eczema without other atopy was associated with SMZL
(OR=2.28, 95%CIl 1.23-4.23) and EMZL (OR=1.50, 95%CI 1.00-2.24) but not NMZL (23).
More data will be required to confirm these associations, particularly study designs that can
minimize recall bias and reverse causality (10).

Environmental Risk Factors

While there is an extensive literature on the role of occupational exposures, pesticides,
industrial solvents and other environmental contaminants in NHL etiology (10), there are
relatively few data addressing MZL. A German study found that total chlorinated
hydrocarbons were associated with MZL (OR=7.0 for >47.3 vs 0 ppm*years, 95%CI 1.8-
26.3), but that aromatic hydrocarbons (benzene, toluene, xylene, or styrene) were not (64).
In 2012, IARC classified trichloroethylene (most common chlorinated hydrocarbon) as a
Group 1 carcinogen, mainly based on findings related to kidney cancer, as evidence for it
causing NHL was considered limited (65). Occupational exposure to breeding and/or
slaughtering animals was associated with MZL compared to nodal NHL (OR=7.69, 95%Cl
2.65-22.34) (66). In the InterLymph Subtypes Project (23), of 32 occupations evaluated,
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only work as a general carpenter (OR=2.34, 95%CI 1.23-4.45) or a teacher (OR=0.50,
95%CI 0.35-0.70) were significantly associated with MZL, and these associations did not
vary by MZL subtype. Subtype-specific associations were noted for occupation as a metal
worker and NMZL (OR=3.56, 95%CI 1.67-7.58) and as a general laborer and SMZL
(OR=2.10; 95%CI 1.15-3.84).

Also from the InterLymph Subtypes Project (23), ever use of hair dye was not associated
with risk of MZL among women (OR=1.17, 95%CI 0.85-1.61), while in the subtype
analysis it was associated with SMZL (OR=6.54, 95%CI 1.53-27.9) but not EMZL or
NMZL. Use of permanent hair dyes and dyes before 1980 (more carcinogenic formulations)
were associated with the greatest risk of SMZL. This finding, based on a relatively small
number of cases, requires further evaluation.

MZL risk was inversely associated with recreational sun exposure (OR=0.68 for highest vs.
lowest quartile, 95%CI 0.54-0.85) in the InterLymph Subtypes Project, which was not
confounded by other risk factors (23); trends were apparent for EMZL and SMZL but not
NMZL. In a meta-analysis (67), dietary vitamin D intake was not associated with MZL risk,
while there were no published studies evaluating serum/plasma 25-hydroxyvitamin D with
MZL risk, leaving unclear whether the suggested protective effect of sun exposure is
mechanistically related to vitamin D or immunomodulation (10).

Lifestyle and Behavioral Risk Factors

The InterLymph Subtypes Project evaluated smoking, alcohol use, anthropometrics and
physical activity with risk of MZL and MZL subtypes (23). While ever smoking cigarettes
was not associated with risk of MZL or any MZL subtypes, duration of smoking was
associated with MZL (OR=1.27 per category increase across categories of 0, 1-19, 20-29,
30-39, 40+ years, 95%CI 1.03-1.57) (68). Use of any type of alcohol was inversely
associated with MZL, and in particular use of wine, which showed a dose-response with g/
week consumed (P-trend=0.002) and a 41% lower risk for the highest quartile of intake
(OR=0.59 for >168 g/week vs. nondrinker, 95%CI 0.37-0.95); these trends were apparent in
the MZL subtypes. No associations were observed with height, usual adult body mass index,
young adult body mass index, or physical activity.

Insights from NHL Subtype Risk Factor Patterns

InterLymph Subtypes Project

The InterLymph Subtypes Project, which included 11 NHL subtypes (MZL, BL, LPL/WM,
DLBCL, CLL/SLL, FL, MCL, HCL, ALL, MF/SS, and PTCL - abbreviations defined in
Table 4), formally evaluated whether a variety of medical, lifestyle, family history and
occupational risk factors varied by NHL subtype as well as whether subtypes clustered
based on risk factor profiles (68). With respect to etiologic heterogeneity (i.e., do risk factors
vary by NHL subtype), Table 4 summarizes risk factors that were associated with 1 or more
NHL subtypes (£<0.01 based on the ASSET test (69)), as well as the effect estimates (ORs)
of each risk factor for NHL overall and for MZL, adjusted for age, sex, race/ethnicity and
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study. With the exception of allergy, blood transfusion, height and smoking duration, MZL
largely had a similar risk factor profile to NHL overall.

Next, a formal test was conducted to assess the heterogeneity of ORs for each significant
exposure across NHL subtypes (Table 4), which was derived from the random effects meta-
analysis Q statistic. For example, family history of NHL was strongly associated with 1 or
more NHL subtypes (P=1.7 x 10713) but there was no evidence for heterogeneity in the ORs
(P=0.52) across subtypes: 8 of 11 subtypes showed ORs>1.5 (5 at A<0.05), including MZL.
Homogenous risks across most subtypes were observed for family history of NHL, SLE,
systemic sclerosis, allergy, hay fever, young adult BMI, alcohol use, recreational sun
exposure, socioeconomic status, and occupations as a general farm worker or painter. In
contrast, there was evidence for subtype heterogeneity of associations (/<0.05) for Sjogren
syndrome, celiac disease, HCV seropositivity, eczema, blood transfusion before 1990,
height, smoking duration, and occupation as a teacher.

A cluster analysis for subtypes was then conducted for each exposure showing significant
heterogeneity across subtypes. MZL formed its own cluster for B-cell activating
autoimmune disease (OR=5.46, 95%CI 3.81-7.83), with a second cluster with weaker ORs
formed by LPL/WM and DLBCL and a third cluster for all other subtypes. Similarly, MZL
formed its own cluster for Sjogren syndrome (OR=38.1, 95%CI 16.9-85.6), separating it
from all other subtypes. For eczema, MZL clustered with all the other subtypes except
MF/SS, which formed its own cluster; for HCV, MZL clustered with BL, LPL/WM and
DLBCL,; for blood transfusion prior to 1990, MZL clustered with LPL/WM and MF/SS; for
height, MZL clustered with all the other subtypes except BL, which formed its own cluster;
for smoking duration, MZL clustered with LPL/WM, FL, MCL, MF/SS and PTCL; and for
occupation as a teacher, MZL clustered with LPL/WM and BL. Finally, while peptic ulcer
disease did not achieve statistical significance by the ASSET test, it did show heterogeneity
such that it was only associated with MZL (OR=1.5) and not any other NHL subtype. As
observed in the genetics setting, there appear to be some risk factors that are more general
across most subtypes and others that are only associated with MZL alone or MZL and a few
other subtypes, although the latter associations varied by exposure.

Finally, to identify whether certain subtypes shared global risk factor profiles, hierarchical
clustering was used based on an analysis of all risk factor data modeled simultaneously. The
largest difference in risk factors profiles was between B- versus T-cell lymphomas, driven by
eczema, occupation as a painter, T-cell activating autoimmune diseases, family history of
multiple myeloma and cigarette smoking being more strongly associated with MF/SS and
PTCL vs. all other B-cell subtypes. Within the B-cell node, the next split was for MZL and
BL vs all other B-cell subtypes, which was driven by Sjégren syndrome, occupation as a
teacher, allergy, hay fever, alcohol use, systemic sclerosis, and HCV seropositivity. The
remaining B-cell subtypes ultimately fell into four clusters: FL, MCL, LPL/WM and
DLBCL, or CLL/SLL. Beyond the B vs. T cell split, this analysis also supports some shared
risk factors across B-cell subtypes as well as subtype-specific risk factors.
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Medical Condition-Wide Association Study (“MedWAS”)

In a MedWAS study utilizing SEER-Medicare data on 52,691 NHL cases and 200,000
controls, 5,296 medical conditions from claims data were comprehensively and agnostically
evaluated for their association with each of five lymphoma subtypes (DLBCL, FL, CLL/
SLL, MZL and TCL)(34). After accounting for multiple testing, 55 unique conditions were
associated with 1 or more of the subtypes, but only 3 conditions - history of nonmelanoma
skin cancer (ORs 1.19-1.55), actinic keratosis (ORs 1.12-1.25) and hemolytic anemia (ORs
1.64-4.07) - were associated with all five subtypes. Beyond those conditions, MZL was
associated with 15 additional conditions, including previously reported associations with
SLE and Sjogren syndrome (also associated with DLBCL); elevated sedimentation rate; and
gastric ulcer. More novel findings needing replication included associations with
thrombocytopenia (also with CLL/SLL, DLBCL, TCL); monoclonal paraproteinemia (also
with CLL/SLL and DLBCL); aplastic anemia and anemia NOS; neutropenia; testicular
hypofunction; benign prostatic hypertrophy; seborrheic keratosis (also with FL); and senile
dementia, stroke (including TIA), and psychosis NOS (all 3 also associated with CLL/SLL,
DLBCL, and FL).

Opportunities for Prevention

The strongest opportunities for prevention of MZL currently lie in either preventing
infections or treating them early. A striking example is the decline in northern Italy of H.
pylori-associated gastric MALT lymphoma from 1997-2007, which the authors
hypothesized was attributable to declining infection rates and earlier treatment of patients
with peptic disease symptoms (70). While there is a strong link of autoimmune conditions
with MZL, there is no clear way to prevent these conditions, and it is not clear that drugs
used to reduce inflammatory activity lower lymphoma risk. For example, in RA the risk of
lymphoma has not changed over time even in the setting of more intense treatments (71). In
contrast, use of oral or intra-articular steroids in RA were associated with reduced risk of
lymphoma that was most pronounced for DLBCL (72). Whether newer biologic agents used
to treat both autoimmune conditions and lymphoma, such as anti-CD20 antibodies or newer
drugs that target B-cell receptor pathways (e.g., tyrosine kinase inhibitors), ultimately
decrease lymphoma risk among autoimmune patients is an important question yet to be
evaluated (73). While definitive genetic loci have been identified for MZL, they are too
limited and not yet sufficiently robust for screening in families or the population. While
there are suggestive leads for modifiable environmental, lifestyle and behavioral risk factors
that lend themselves to public health interventions (e.g., reducing exposure to
trichloroethylene, reducing hair dye use, not smoking), other MZL risk factors present
challenges to primary prevention approaches (e.g., protective effects of recreational sun
exposure and moderate alcohol use), and none of these risk factors are established. New
leads related to infections, environmental exposures, precursor conditions and immune
biomarkers with MZL risk may provide future routes to prevention.
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Conclusions and Future Directions

Progress on identifying MZL-specific risk factors has accelerated with the implementation
of the InterLymph nested classification as well as with the availability of large pooled
analyses. Established risk factors for MZL (or MZL subtypes) include family history of
NHL, genetic loci in the HLA region, Helicobacter pyloriinfection (gastric MALT
lymphoma), and several autoimmune diseases (Sjogren syndrome, systemic lupus
erythematosus and Hashimoto thyroiditis), with strong evidence (but not definitive) for
Chlamyadia psittaci (ocular adnexal MALT lymphoma), Borrelia burgdorferi (cutaneous
MZL), hepatitis C virus, human immunodeficiency virus, and solid organ transplantation.
There are also promising leads related to other infections, other B-cell activating
autoimmune conditions, trichloroethylene exposure, certain occupations, hair dye,
recreational sun exposure, smoking, and alcohol use, but these require further research
including use of better exposure assessment, larger studies and stronger study designs.

MZL is a model of an antigen-driven malignancy, where environmental factors, tissue-
specific factors, and host immune response (including impact of chronic inflammation and
immunosuppression) drive lymphomagenesis. It is plausible that there may be additional
pathogens relevant to MZL etiology, as well as additional environmental and lifestyle
factors. We also remain early in our understanding of genetic susceptibility to MZL, and
there are likely to be additional loci identified by GWAS and next generation sequencing.
Deeper understanding of the striking role that HLA plays in MZL risk through the antigen
processing and presentation is needed. Progress on all these fronts will also allow more
robust evaluation of gene-environment interactions. Advances in the understanding of MZL
biology and pathology, perhaps through better understanding of precursors and the genomic
and epigenomic architecture of the MZL tumor genome, should also help identify novel
links to specific risk factors. Finally, most studies have been conducted in Western
populations of European ancestry, and future studies need to address racial/ethnic
differences and other populations with contrasting environmental and infectious exposures.
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Figure 1.
Age-Incidence by sex for SMZL, NMZL, EMZL, and EMZL for selected anatomic sites,

United States, SEER-18, 2001-2017.
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Figure2.
Age-adjusted incidence rates per 1,000,000 for marginal zone lymphoma (MZL) by subtype,

race/ethnicity, and selected extranodal MZL subtypes, SEER-18, United States, 2001-2017.
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Figure 3.
Five-year relative survival rates (percent) for Marginal Zone Lymphoma (MZL) according to

major MZL subtypes and selected extranodal MZL sties by sex, United States, SEER 18,
2000-2017.
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Table 3.

Five-year relative survival rates (percent) for marginal zone lymphoma (MZL) according to major MZL
subtypes and selected extranodal MZL sites, overall and by race/ethnicity, United States, SEER 18, 2000-
2017"

MZL subtype All Non-Hispanic Non-Hispanic Non-Hispanic Asian Hispanics (All Races)
Whites Blacks or Pacific Idanders
All MZL 89.8% 89.7% 89.6% 89.4% 88.7%
Splenic MZL 85.3% 85.7% 83.8% 84.7% 76.3%
Nodal MZL 82.8% 82.7% 85.3% 81.0% 80.5%
Extranodal MZL 93.8% 94.0% 91.8% 91.8% 93.3%
Oral Cavity/Oropharynx 93.6% 94.9% — — —
Salivary Glands 97.6% 97.5% 96.5% 99.2% 96.3%
Nasopharynx 88.5% 86.6% — — —
Stomach 92.0% 92.5% 90.7% 90.6% 90.2%
Small Intestine 87.9% 90.7% — — —
Colorectal 92.5% 94.1% 82.6% 87.3% 92.2%
Lung 90.9% 92.4% 84.3% 83.2% 88.1%
Skin 100.0% 100.0% 96.0% 99.1% 98.9%
Soft Tissue 96.3% 92.5% — — —
Breast (female) 94.8% 94.2% 96.1% — —
Kidney and Bladder 88.4% 90.3% — — —
Eye/Adnexa 97.9% 96.7% 97.0% 95.6% 98.3%
Thyroid 98.5% 98.0% — — —

*
According to InterLymph Classification as implemented in SEER “Stat, excluding American Indians/Alaska Natives (<50 cases)

"ot reported (<50 cases)

1duosnuey Joyiny

1duosnuen Joyiny

Ann Lymphoma. Author manuscript; available in PMC 2022 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Cerhan and Habermann

Table 4.

Page 37

Heterogeneity of risk factor associations for marginal zone lymphoma (MZL) in the context of other major
NHL subtypes, * InterLymph Subtypes Project.

Risk Factor

P ASSETS

NHL OR (95%
cnT

P Homogeneity¥

MZL OR (95%
cnT

Other statistically significant
subtypes (direction of OR)

Family history of NHL

B-cell activating
autoimmune disease

-Systemic lupus
erythematosis

- Sjégren Syndrome

T-cell activating
autoimmune disease

-Celiac disease

-Systemic sclerosis/
scleroderma

Hepatitis C Virus
(seropositive)
Allergy

Hay fever

Eczema

Blood transfusion (before

1990)

Young adult Body Mass

Height’/

Alcohol consumption (=1

drinks per month)

Smoking (duration)’/

Recreational sun exposure

Socioeconomic status”

General farm worker
Painter

Teacher

1.7 %1071

3.8x107%

1.9x1078

6.3x 10718
0.0053

52x 1071
0.0051

23x1078

59x1078

9.1x107°

5.0 x 1075
5.0% 1075

42x107°

0.0017

89x1078

2.2x1079

2.7x107°

34x10°

0.0082
0.0048
5.6 x 1074

1.79 (1.51-2.13)

1.96 (1.60-2.40)

2.83 (1.82-4.41)

7.52 (3.68-15.4)
1.07 (0.95-1.21)

1.77 (1.05-2.99)
1.03 (0.41-2.58)

1.81 (1.39-2.37)

0.86 (0.81-0.92)

0.82 (0.77-0.88)

1.01 (0.93-1.10)
0.76 (0.67-0.87)

1.95 (1.51-2.53)

1.20 (1.08-1.32)

0.87 (0.81-0.93)

1.06 (0.99-1.14)

0.74 (0.66-0.83)

0.88 (0.83-0.93)

1.28 (1.10-1.50)
1.22 (0.99-1.51)
0.86 (0.77-0.95)

0.52

9.8 x 10710

0.18

7.3x107°
0.012

51x1078
0.065

0.0021

0.12

2.6x10°
0.013

0.28

0.024

0.062

3.2x1079

0.79

0.061

0.34
0.085
0.0062

1.65 (1.10-2.46)
5.46 (3.81-7.83)
6.54 (3.10-13.8)

38.1 (16.9-85.6)
1.08 (0.75-1.56)

2.69 (0.50-14.7)
3.04 (1.65-5.60)
1.04 (0.88-1.22)
0.93 (0.78-1.12)

0.96 (0.77-1.20)
1.22 (0.89-1.66)

1.79 (0.95-3.50)

1.04 (0.81-1.35)
0.75 (0.62-0.91)
1.27 (1.03-1.57)
0.65 (0.48-0.87)

0.89 (0.75-1.06)

1.21 (0.75-1.95)
1.68 (0.97-2.92)
0.50 (0.35-0.70)

DLBCL(*), CLL/SLL(1), FL(1),
MCL(1)

LPL/WM(1), DLBCL (1),
PTCL(1)

LPL/WM(?1), DLBCL (1), MF/
ss(f), PTCL(1)

LPL/WM(?), DLBCL(1), FL(1)
MF/SS (1), PTCL(%)

DLBCL(1), PTCL(1)
BL(1), MF/SS(1), HCL(1)
LPL/WM(?), DLBCL(1), CLL/
SLL(1)

DLBCL (4), CLL/SLL({), FL (4),
MCL(}), PTCL(Y)

BL({), LPL/WM(!), DLBCL(Y),
FL (), MCL(})

MF/SS (1)
DLBCL(Y), CLL/SLL(), FL (4),
HCL(Y)

DLBCL(?), FL(?)
BL(1), DLBCL(1), CLL/SLL("),
FL("), HCL(")

BL({), DLBCL(Y), FL (),
PTCL(Y)

LPL/WM(?), CLL/SLL(Y), FL(1),
PTCL(Y)

DLBCL(Y),CLL/SLL(Y), FL (),
PTCL(Y)

BL(Y), DLBCL(Y), HCL(?)

CLL/SLL(1), MF/SS(1)
MF/SS(1)
BL({), DLBCL(Y)

*

Include the following non-Hodgkin lymphoma (NHL) subtypes: diffuse large B-cell lymphoma (DLBCL); Burkitt lymphoma (BL); peripheral T-
cell lymphoma (PTCL); marginal zone lymphoma (MZL); chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL); follicular
lymphoma (FL); mantle cell lymphoma (MCL); lymphoplasmacytic lymphoma/Waldenstrom Macroglobulinemia (LPL/WM); mycosis fungoides/
Sezary syndrome (MF/SS); hairy cell leukemia (HCL).

§

P-ASSET is a subset-based statistical approach used to test whether an exposure was associated with 1 or more NHL subtypes.

P-Homogeneity is a test of homogeneity of ORs across NHL subtypes and is derived from the random effects meta-analysis Q statistic.

T

Odds Ratio (OR) and 95% confidence intervals (CI) derived from fixed effects logistic regression, adjusted for age, race/ethnicity, sex and study.

OR represents risk per ordinal increase in the following categories: body-mass index as a young adult (<18.5, 18.5-22.4, 22.5-24.9, 25.0-29.9, 230
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kg/mz), height (sex-specific quartiles, males: <172.0, 172.0-177.7, 177.8-181.9, 2182.0 cm; females: <159.0, 159.0-162.9, 163.0-167.9, >168.0
cm), duration of cigarette smoking (0, 1-19, 20-29, 30-39, =40 years), recreational sun exposure (hours per week, study-specific quartiles), and
socioeconomic status (low, medium, high; measured by years of education for studies in North America or by dividing measures of education or
socioeconomic status into tertiles for studies in Europe or Australia).
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