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Non-Hodgkin lymphoma (NHL) comprises biologically and clinically heterogeneous subtypes. Previously, study
size has limited the ability to compare and contrast the risk factor profiles among these heterogeneous subtypes.

We pooled individual-level data from 17 471 NHL cases and 23 096 controls in 20 case-control studies from the
International Lymphoma Epidemiology Consortium (InterLymph). We estimated the associations, measured as
odds ratios, between each of 11 NHL subtypes and self-reported medical history, family history of hematologic
malignancy, lifestyle factors, and occupation. We then assessed the heterogeneity of associations by evaluating
the variability (Q value) of the estimated odds ratios for a given exposure among subtypes. Finally, we organized
the subtypes into a hierarchical tree to identify groups that had similar risk factor profiles. Statistical significance

of tree partitions was estimated by permutation-based P values (PNODE).

Risks differed statistically significantly among NHL subtypes for medical history factors (autoimmune dis-
eases, hepatitis C virus seropositivity, eczema, and blood transfusion), family history of leukemia and multiple
myeloma, alcohol consumption, cigarette smoking, and certain occupations, whereas generally homogeneous
risks among subtypes were observed for family history of NHL, recreational sun exposure, hay fever, allergy, and
socioeconomic status. Overall, the greatest difference in risk factors occurred betweenT-cell and B-cell lympho-
mas (P, < 1.0x107%), with increased risks generally restricted to T-cell ymphomas for eczema, T-cell-activating
autoimmune diseases, family history of multiple myeloma, and occupation as a painter. We further observed
substantial heterogeneity among B-cell lymphomas (P, ;. < 1.0x 10*). Increased risks for B-cell-activating auto-
immune disease and hepatitis C virus seropositivity and decreased risks for alcohol consumption and occupa-
tion as a teacher generally were restricted to marginal zone lymphoma, Burkitt/Burkitt-like lymphoma/leukemia,

diffuse large B-cell lymphoma, and/or lymphoplasmacytic lymphoma/Waldenstrom macroglobulinemia.

Using a novel approach to investigate etiologic heterogeneity among NHL subtypes, we identified risk factors
that were common among subtypes as well as risk factors that appeared to be distinct among individual or a
few subtypes, suggesting both subtype-specific and shared underlying mechanisms. Further research is needed
to test putative mechanisms, investigate other risk factors (eg, other infections, environmental exposures, and
diet), and evaluate potential joint effects with genetic susceptibility.
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Non-Hodgkin lymphoma (NHL) is the most common hemato-
logic malignancy and the fifth most common type of cancer in more
developed regions of the world (1). Numerous NHL subtypes with
distinct combinations of morphologic, immunophenotypic, genetic,
and clinical features are currently recognized (2,3). The incidence
of NHL subtypes varies substantially by age, sex, and race/ethnic-
ity (4-7). However, the etiological implications of this biological,
clinical, and epidemiological diversity are incompletely understood.

The importance of investigating etiology by NHL subtype is
clearly supported by research on immunosuppression, infections, and
autoimmune diseases, which are the strongest and most established
risk factors for NHL. Studies of solid organ transplant recipients and
individuals infected with HIV demonstrate that risks are markedly
increased for several—but not all—NHL subtypes (8-13). Some
infections and autoimmune diseases are associated with a single spe-
cific subtype [eg, human T-cell lymphotropic virus, type I (HTLV-I)
with adult T-cell leukemia/lymphoma (14), celiac disease with enter-
opathy-type peripheral T-cell lymphoma (PTCL) (15-17)], whereas
others [eg, Epstein-Barr virus, hepatitis C virus (HCV), Sjogren’s
syndrome (18-21)] have been associated with multiple subtypes.

In the last two decades, reports from individual epidemiological
studies of NHL have suggested differences in risks among NHL
subtypes for a wide range of risk factors, but most studies have lacked
the statistical power to assess any differences quantitatively and have
not systematically evaluated combinations of subtypes. One study
assessed multiple risk factors and found support for both etiologic
commonality and heterogeneity for NHL subtypes, with risk fac-
tor patterns suggesting that immune dysfunction is of greater etio-
logic importance for diffuse large B-cell lymphoma (DLBCL) and
marginal zone lymphoma than for chronic lymphocytic leukemia/
small lymphocytic lymphoma (CLL/SLL) and follicular lymphoma
(22). However, that analysis was limited to approximately 1300
NHL cases and considered only the four most common NHL sub-
types. Pooling data from multiple studies through the International
Lymphoma Epidemiology Consortium (InterLymph) have provided
substantial insight into associations between specific risk factors and
NHL subtypes, with evidence that family history of hematologic
malignancy, autoimmune diseases, atopic conditions, lifestyle factors
(smoking, alcohol, anthropometric measures, and hair dye use), and
sun exposure are associated with NHL risk (19,21,23-32). However,
no previous study has compared patterns of risk for a range of expo-
sures for both common and rarer NHL subtypes.

We undertook the InterLymph NHL Subtypes Project, a
pooled analysis of 20 case—control studies including 17 471 NHL
cases and 23 096 controls, to advance understanding of NHL eti-
ology by investigating NHL subtype-specific risks associated with
medical history, family history of hematologic malignancy, lifestyle
factors, and occupation. The detailed risk factor profiles for each of
11 NHL subtypes appear in this issue (15-17,33-40). In this report,
we assess risk factor heterogeneity among the NHL subtypes and
identify subtypes that have similar risk factor profiles.

Methods

Study Population and Data Harmonization
Detailed methodology for the InterLymph NHL Subtypes Project
is provided elsewhere in this issue (41). Briefly, the 20 studies

Journal of the National Cancer Institute Monographs, No. 48, 2014

included in this pooled analysis fulfilled the following criteria:
1) case—control design with incident, histologically confirmed cases
of NHL and 2) availability of individual-level data by December
31, 2011. Contributing studies were approved by local ethics
review committees, and all participants provided informed consent
before interview.

NHL subtypes were defined according to the World Health
Organization (WHO) classification (2,3), and guidelines from the
InterLymph Pathology Working Group were used to harmonize
NHL subtypes classified using other methods (42,43). Consistent
with the WHO, lymphoid leukemias were included in this analysis;
however, plasma cell neoplasms were excluded because few studies
collected data for these cases. Overall, 70% of cases were originally
classified using the WHO classification, with the percentage rang-
ing from 54% for Burkitt/Burkitt-like lymphoma/leukemia (BL)
to 100% for marginal zone lymphoma, mantle cell lymphoma, and
lymphoplasmacytic lymphoma/Waldenstrom macroglobulinemia
(LPL/WM,; Table 1).

Each study collected data in a standardized, structured format
by in-person or telephone interviews and/or self-administered
questionnaires. In some studies, participants also provided a venous
blood sample at the time of interview. We centrally harmonized
individual-level, de-identified data for medical history, family his-
tory of hematologic malignancy, lifestyle factors, and occupation
from each study when data on that factor were available from at
least four studies. All of these risk factors were included in this anal-

ysis regardless of the subtype-specific results presented elsewhere
(15-17,33-40).

Statistical Analysis

We first assessed the overall association between each exposure
and NHL using odds ratios (ORs) from unconditional fixed effects
logistic regression, adjusting for age, race/ethnicity, sex, and study.
Because studies selectively focused on specific NHL subtypes and
the resulting distribution of cases was not representative of NHL
in the general population, our analysis weighted subtypes (using the
R function svyglm) to reflect their prevalence among US adults,
which is approximately comparable to NHL subtype distributions
in Europe and Australia (Supplementary Table 1, available online).
For all analyses, categorical and ordinal variables were transformed
into a single continuous covariate by ordering the categories and
assigning them to equally spaced values between 0 and 1, as listed
in Supplementary Table 2 (available online). Therefore, for binary
exposures the OR is the increase in the odds of cancer among exposed
individuals, while for categorical and ordinal variables, OR is a sum-
mary value approximating the increase in odds among individuals in
the highest category, compared to those in the lowest category.

We then assessed the association between each exposure and
each NHL subtype, estimating ORs from fixed effects logistic
regression, adjusting for age, race/ethnicity, sex, and study. The
estimated ORs are presented in a colored array (Figure 1) for sta-
tistically significantly associated exposures (described below) and
in Supplementary Table 2 (available online) for all exposures. We
used these estimated ORs to 1) assess whether the exposure was
associated with at least one NHL subtype, 2) evaluate risk factor
heterogeneity among NHL subtypes, and 3) cluster the subtypes
into groups with similar risk factor profiles.
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Prevalence (%) Overall NHL
Exposure Category” Specific Exposure Cases Cntls P, qrr Py OR (95% CI)
Family history of Any 9.1 52 1.6x102%  3.5x107 1.72 (1.54 - 1.93)
hematologic malignancy® NHL 4.0 2.0 1.7x103  52x10! 1.79 (1.51 - 2.13)
Leukemia 42 2.8 1.3x10" 3.9%10°% 1.51(1.29 - 1.77)
Multiple myeloma 0.7 04  7.5x10%  2.2x1072 1.77 (1.15 - 2.72)
Hodgkin lymphoma 1.1 0.6 2.0x103  4.7x10"! 1.65 (1.18 - 2.29) s
Autoimmune disease® Any B-cell activating disease 0.9 0.8  3.8x1022  9.8x1010  1.96 (1.60 - 2.40)
Sjégren’s syndrome 0.6 0.1  6.3x10'%  7.3x10° 7.52 (3.68 - 15.4)
Systemic lupus erythematosus 0.5 02 1.9x10% 1.8x10°! 2.83(1.82-4.41)
Any T-cell activating disease 34 33 53x10° 1.2x1072 1.07 (0.95 - 1.21) ?
Celiac disease 0.4 02 52x10"  5.1x10% 1.77 (1.05 - 2.99)
Systemic sclerosis/scleroderma 0.1 0.1  5.1x103 6.5%1072 1.03 (0.41 - 2.58) -
HCV seropositivity” 2.3 2.2 23x10%  2.1x1073 1.81 (1.39 -2.37) 1 QO‘
Atopic disease® Hay fever 182 20.1  9.1x10° 1.2x10°! 0.82 (0.77 - 0.88) El
Eczema 9.8 9.8 5.0x10°  2.6x10° 1.01 (0.93 - 1.10)
Allergy 220 244 59x105  2.4x10! 0.86 (0.81 - 0.92) X 0
Blood transfusion® Transfusion occurring <1990 142 155 5.0x10° 1.3x102 0.76 (0.67 - 0.87)
Anthropometric factorsS Body mass index as a young adult 21.1 17.9  4.2x10° 2.8x10°! 1.95 (1.51 - 2.53) ‘
Height 532 520 1.7x1073 2.4x102 1.20 (1.08 - 1.32) X X A
Alcohol consumption Any alcohol 69.3  72.1  89x10%  6.2x10? 0.87 (0.81-0.93) X X X X
(=1 drink per month) Wine 56.8 575  4.9x10° 1.4x1072 0.85(0.79 - 0.91) X i X X -
Liquor 370 399  4.1x106  6.6x101  0.84(0.78-0.91) X X X x x ,
Beer 449 472 93x104  14x107  0.90(0.84-097) x Il X X X X
Cigarette smoking® Duration of smoking 57.0 567 2.2x10°  3.2x107 1.06 (0.99-1.149) x X X X ‘ X
Recreational sun exposure® 499 53.0 2.7x10° 7.9x10"! 0.74 (0.66 - 0.83) X X X X X
Socioeconomic status® 438 411 34x105  6.1x102 0.88(0.83-093) X X X X - X
Occupational history" Teacher 8.6 10.0 5.6x10*  6.2x10° 0.86 (0.77 - 0.95)
Painter 2.0 1.8 4.8x10°  8.6x102 1.22 (0.99 - 1.51) l
General farm worker 43 34 82x10°  34x100  1.28(1.10 - 1.50) X % x

Figure 1. The table lists the overall odds ratio (OR) (95% confidence
interval) for all risk factors affecting one or more non-Hodgkin lym-
phoma NHL subtypes (P, < 0.01), adjusting for age, race/ethnicity,
sex, and study. For binary variables, OR compares exposed vs unex-
posed, and for ordinal variables®, OR compares highest vs lowest
category. The columns list the exposure category, specific exposure,
prevalence (all variables dichotomized) in cases and controls, p-value
for association (P, ), p-value for effect homogeneity (PH), and the
OR. The colored grid indicates the log odds ratio associated with the
exposure for each subtype separately. Red (blue) indicates the expo-
sure increases (decreases) risk. X indicates ASSET analysis identified
a statistically significant association, whereas m indicates missing due
to lack of data. For groups of highly correlated exposures (e.g., dura-
tion, pack-years smoking), only a single representative variable is listed
here. Results for all risk factors are available in Supplementary Table
2 (available online). Subtypes include Burkitt/Burkitt-like lymphoma/
leukemia (BL); chronic lymphocytic leukemia/small lymphocytic lym-
phoma (CLL/SLL); diffuse large B-cell lymphoma (DLBCL); follicular
lymphoma (FL); lymphoplasmacytic lymphoma/Waldenstrom mac-
roglobulinemia (LPL/WM); mantle cell lymphoma (MCL); marginal
zone lymphoma (MZL); mycosis fungoides/Sézary syndrome (MF/SS);
peripheral T-cell lymphoma (PTCL). A In total, the family history cat-
egory included 5 variables; autoimmune disease — 16; atopic disease
- 5; blood transfusion — 5; anthropometric factors — 5; alcohol - 19,
smoking — 7, sun - 2, occupation — 33; hair-dye — 8; reproductive and
hormone - 5. BType of hematologic malignancy was coded according
to International Classification of Diseases (ICD) as non-Hodgkin lym-
phoma (NHL) (ICD-9: 200, 202.0-202.2, 202.8-202.9; ICD-10: C82-C85,
C96.3), Hodgkin lymphoma (ICD-9: 201, ICD-10: C81), leukemia (ICD-9:
202.4, 203.1, 204-208; ICD-10: €90.1, C91-C95), or multiple myeloma
(ICD-9: 203, ICD-10: C90.0, C90.2)). Note that leukemia includes both
lymphoid and myeloid leukemias, and lymphoid leukemias and plasma
cell neoplasms are not considered part of NHL in ICD, in contrast to the

Specifically, we tested whether the exposure was associated
with at least one subtype using ASSET, a subset-based statistical
approach (44). ASSET is designed for studies evaluating exposures
with multiple related outcomes, such as multiple NHL subtypes.
The method has increased statistical power when the exposure
is only associated with a subset of outcomes. ASSET gains this
advantage by testing for an association with each subset of out-
comes. For a given exposure, our first step in this analysis was to
collect the Z-statistics (B,/ \/a) from the logistic regressions
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World Health Organization (WHO) classification (2,3) and InterLymph
guidelines (42,43). ¢ Includes self-reported history of specific autoim-
mune diseases occurring >2 years prior to diagnosis/interview (except
the New South Wales study, which did not ascertain date of onset).
Autoimmune diseases were classified according to whether they are
primary mediated by B-cell or T-cell responses (21,54-57). B-cell acti-
vating diseases include Hashimoto thyroiditis, hemolytic anemia,
myasthenia gravis, pernicious anemia, rheumatoid arthritis, Sjogren’s
syndrome, and systemic lupus erythematosus.T-cell activating disease
include celiac disease, immune thrombocytopenic purpura, inflam-
matory bowel disorder (Crohn’s disease, ulcerative colitis), multiple
sclerosis, polymyositis or dermatomyositis, psoriasis, sarcoidosis,
systemic sclerosis or scleroderma, and type 1 diabetes. ® Serum anti-
bodies to HCV were evaluated using a third generation enzyme-linked
immunosorbent assay (58). E Includes self-reported history of atopic
conditions occurring >2 years prior to diagnosis/interview. Any allergy
included plant, food, animal, dust, insect, or mold, but excluded drug
allergies. F Includes self-reported history of blood transfusions occur-
ring >1 year prior to diagnosis/interview. ¢ OR represents risk per
increasing category of an ordinal variable with categories assigned
to equally spaced values between 0 and 1 for body-mass index as a
young adult (<18.5, 18.5-22.4, 22.5-24.9, 25.0-29.9, >30 kg/m2), height
(sex-specific quartiles, males: <172.0, 172.0-177.7, 177.8-181.9, >182.0
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 available upon
request), and socioeconomic status (low, medium, high; measured by
years of education for studies in North America or by dividing mea-
sures of education or socioeconomic status into tertiles for studies in
Europe or Australia). " Occupations (ascertained by complete work his-
tory in 8 studies and longest held occupation in 2 studies) were coded
according to the International Standard Classification of Occupations
(ISCO), Revised Edition 1968 (59).

performed separately for each NHL subtype. We then calculated

Z\; = maxg (' Zkés wZ, |) , where the weights (w,) depended on the
number of subjects and S was a set of subtypes. We identified those
subtypes in S, where $* =argmaxg (I Zkeswkzk I) , as being puta-
tively associated with the exposure and then calculated a P value,
P

) sspp for the significance of Z; by permutation. Exposures with
P

) sser < -01 are included in Figure 1, and the NHL subtype(s) puta-
tively associated with the exposure are marked with an “X”.
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We then measured the variability in the ORs among NHL sub-
types by the Q value (45), Q= z w, (Bk B)?, where ]3‘ and o}
were the estimates of the log(OR) and its variance for subtype %,

B:Zw fiK, and wkz[ Zk(l/di))’l(l/di ] We obtained a P

Value, P iovocenerrys DY comparing Q to a ? distribution with K - 1
degrees of freedom, where K was the number of studies measuring
that exposure.

Finally, we clustered subtypes into groups that shared similar
associations with each putative risk factor, or with the total col-
lection of risk factors, using a divisive or “top-down” hierarchical
clustering method specifically designed for this study. Again, let S
be a set of subtypes and S° be its complement. Let ¥ =1 and ¥, =0
if a case was diagnosed with a subtype in sets S and S, respectlvely,
with Y set to missing for all controls. Let p_be the P value from
a case-only logistic regression of Y on the risk factor of interest,
adjusting for age, race/ethnicity, sex, and study. Let P,; = min(p,)-
Then we clustered the subtypes into two groups, S* and S, where
S*=argming(p,). We defined P pe to be the probability that
P,, was below the observed value under the null hypothesis and
calculated it by 10 000 permutations of subtype assignment. We
repeated this clustering procedure on S* and S to continue build-
ing the tree. Because the rare subtypes ALL and hairy cell leukemia
(N ~ 150 cases) could not be assigned reliably to clusters, we omit-
ted them from this analysis.

When clustering subtypes according to all risk factors
(Figure 6), we used a different method for calculating p. Had
each study included all NHL subtypes and exposures, we could
have used the P value from a Wald statistic produced by a sin-
gle logistic regression. Instead, we used a pseudo-Wald statis-
tic where the log(OR) for each exposure was estimated from
a separate analysis. Let B, be the parameter from a logistic
regression of ¥ on exposurej (adjusting for age, race/ethnicity,
sex, and study) in study &, oy; estimate the covariance between
Bxkz and By, and §; =1 if study & includes exposure j. Then
we defined

By = Z w:ij skj

ki =1

where the weights (w,) were inversely proportional to the esti-
mated variance

o

rlyj

Zk 6‘]—1 5’7’

B} bythe Nx N

and we estimated the covariance of B’ ={B ...,
matrix X with the 7/th entry defined as

W4 W,,C

ski™ skij

> [i,j]=

k:8 4,8 i =1
The resulting test statistic, B'X7 ., was our pseudo-Wald sta-

tistic, which was compared to a y’ distribution with N degrees of
freedom to obtain p.
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Results

The pooled study population included 17 471 NHL cases and
23 096 controls derived from 14 population-based and six hos-
pital/clinic-based case—control studies. The study population
was predominantly male (58%) and non-Hispanic white (93%,
Table 1). DLBCL (N = 4667) was the most common and acute
lymphoblastic leukemia/lymphoma (ALL, N = 152) was the least
common NHL subtype included in this analysis. Hairy cell leuke-
mia cases had the most striking male predominance (79%), whereas
marginal zone lymphoma cases had the least (47%). The median
age at diagnosis ranged from 41 years for ALL cases to 64 years for
CLL/SLL and LPL/WM cases.

Risk Factors for One or More NHL Subtypes
We identified family history, medical history, lifestyle, and occu-
pational risk factors that were associated with one or more NHL

subtypes (P,qur
online, contains results for all risk factors). For highly correlated

< .01, Figure 1; Supplementary Table 2, available

variables ( > 0.8; eg, duration and pack-years of smoking), we
selected the variable with the smaller P, .. The total number of
variables we analyzed and the correlation among variables within
each risk factor category are provided in Figure 1.

Family history of any hematologic malignancy in a first-
degree relative was the most statistically significant risk factor
(P gopr = 1.6x1072), with associations observed for family his-
tory of NHL (P, = 1.7x10°7), leukemia (P, = 1.3x1071),
multiple myeloma (P, = 7.5x107), and Hodgkin lymphoma
(P gepr = -0020). Some autoimmune diseases also were strongly
associated with one or more NHL subtypes. The association for
sspr = 3-8x1077) was

= 6.3x10") and systemic

B-cell-activating autoimmune disease (P
driven by Sjogren’s syndrome (P, =
lupus erythematosus (P, = 1.9x10¥), whereas the association
for T-cell-activating autoimmune disease (P, = -0053) was
' sser = 02 x 107 and also by sys-
temic sclerosis/scleroderma (P, ... = .0051). Other medical history
factors associated with one or more NHL subtypes included HCV
seropositivity (P, = 2.3x107), hay fever (P o = 9.1x107),
eczema (P, . = 5.0x107), allergy (P, = 5.9%x107), and blood
transfusion before 1990 (P, = 5.0x 107).

Among the lifestyle factors we examined, associations with one

driven mainly by celiac disease (P

or more NHL subtypes were observed for body mass index as a
s = 2 x107); height (P, .. = .0017); alcohol con-
sumption (P, = 8.9x107), including wine (P, = 4.9x107),
liquor (P, = 4.1x107), and beer (P, = 9.3 x107); duration
of cigarette smoking (P, .. = 2.2 x10%); recreational sun exposure
(Pysser
Certain occupations also were associated with one or more NHL
asser = 0-6x107%),
painter (P, = .0048), or general farm worker (P, = .0082).

young adult (P

= 2.7x107%); and socioeconomic status (P, .. = 3.4x107).

subtypes, specifically occupation as a teacher (P

Effect of Heterogeneity Among NHL Subtypes for

Specific Risk Factors

Among family history variables, the greatest heterogeneity among
NHL subtypes was observed for family history of leukemia
(Pyosocnmry = 3-9%107%), which increased risk 2.41-fold for CLL/
SLL, 2.19 for LPL/WM, 1.98 for mantle cell, and 1.84 for PTCL
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lymphoma) or null associations for the other subtypes (Figure 2A).

= 4.0x10), versus weaker (OR = 1.66 for marginal zone

Risk associated with family history of multiple myeloma also
was statistically significantly different among NHL subtypes
Promocenmrry = -022), with particularly elevated risks for MF/SS
(OR =6.11, P, = .027) compared with weaker or null associa-
tions (OR < 3.10) for the other subtypes that were not statistically
significantly heterogeneous (Figure 2B). In contrast, family history
of NHL or HL increased risk for NHL overall by 1.79- and 1.65-
fold, respectively, with no statistically significant heterogeneity in

risks among NHL subtypes (NHL: P, ooy = -925 Puope = -9%
HL: Py viocenmry = 47> Puops = -74; Supplementary Table 3, avail-

able online, provides the results of the clustering analysis for all risk
factors with P, ..

Autoimmune diseases were relatively rare but were associated
with the highest ORs for specific NHL subtypes. B-cell-activating
ovocenery = 2-8x1079) increased risk
5.46-fold for marginal zone lymphoma (P, = 1.0x10"* and

2.61- and 2.45-fold for LPL/WM and DLBCL, respectively

< .01 as listed in Figure 1).

autoimmune disease (P,

zone lymphoma associated with Sjogren’s syndrome (OR = 38.07,
P ovocenerry = 7-3x107%, Py e < 1.0x 107, with weaker asso-
ciations for LPL/WM (OR = 12.14) and the other subtypes
(Figure 3B). ORs for systemic lupus erythematosus ranged from
1.81 to 8.41, but these differences did not reach statistical signifi-
cance (P ocenermy = 18 Puope = -24)- T-cell-activating autoim-
mune disease increased risk for PTCL and MF/SS (OR = 1.95 and
1.66, respectively, P vocinery = <0125 Pyope = -0054, Figure 3C),
with particularly elevated risk for PTCL associated with celiac
disease (OR = 14.82, P\ ocenprry = J-1x1075, P o < 1.0x 104,
Figure 3D). ORs for systemic sclerosis/scleroderma ranged from
0.71 to 20.16, but these differences did not reach statistical signifi-
cance (Pyyoyocenerry = 063, Pygpg = -28)-

Among the other medical history factors we evaluated, HCV-
associated risks differed by NHL subtype (P, oaenermy = -0021),
with 3.05-fold increased risk for BL, 3.04 for marginal zone lym-
phoma, 2.70 for LPL/WM, and 2.33 for DLBCL ( =.010);

PNODE
2.08-fold increased risk for CLL/SLL (P, = -032); and no asso-

ciations for other subtypes (Figure 4A). Eczema was associated

(Pyopr = 011, Figure 3A). Analyses of specific B-cell-activating ~ with statistically significantly increased risk for MF/SS (OR = 2.31,
autoimmune diseases revealed strikingly increased risk for marginal P, o conprry = 26107, Py < 1.0x 107 but no other NHL
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Figure 2. Forest plots list the odds ratio (OR) and 95% confidence inter-
val (Cl) for being diagnosed with non-Hodgkin lymphoma (NHL), or its
specific subtypes, for individuals with a (A) family history of leukemia or
(B) family history of multiple myeloma, compared to individuals without
a family history. ORs were adjusted for age, ethnicity, sex, and study.
Bold font indicates associated subtypes in ASSET and colors represent
distinct tree nodes.The trees on the right of the figure split the NHL sub-
types into groups of subtypes that were similarly affected by the given
exposure. Hairy cell leukemia (HCL) and acute lymphoblastic leukemia/
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lymphoma (ALL) were excluded from trees because small sample sizes
prevented reliable clustering. P, is the P-value for creation of that
node during hierarchical clustering. Subtypes include Burkitt/Burkitt-
like lymphoma/leukemia (BL); chronic lymphocytic leukemia/small lym-
phocytic lymphoma (CLL/SLL); diffuse large B-cell ymphoma (DLBCL);
follicular lymphoma (FL); lymphoplasmacytic lymphoma/Waldenstrom
macroglobulinemia (LPL/WM); mantle cell lymphoma (MCL); marginal
zone lymphoma (MZL); mycosis fungoides/Sézary syndrome (MF/SS);
peripheral T-cell lymphoma (PTCL).
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Figure 3. Forest plots list the odds ratio (OR) and 95% confidence
interval (CI) for being diagnosed with non-Hodgkin lymphoma (NHL),
or its specific subtypes, for individuals with a history of (A) B-cell-
activating autoimmune disease, (B) Sjogren’s syndrome, (C) T-cell-
activating autoimmune disease, and (D) celiac disease, compared
to individuals without a family history. ORs were adjusted for age,
ethnicity, sex, and study. Bold font indicates associated subtypes in
ASSET and colors represent distinct tree nodes. The trees on the right
of the figure split the NHL subtypes into groups of subtypes that were
similarly affected by the given exposure. Hairy cell leukemia (HCL)
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and acute lymphoblastic leukemia/lymphoma (ALL) were excluded
from trees because small sample sizes prevented reliable cluster-
ing. P, is the P-value for creation of that node during hierarchical
clustering. Subtypes include Burkitt/Burkitt-like lymphoma/leukemia
(BL); chronic lymphocytic leukemia/small lymphocytic lymphoma
(CLL/SLL); diffuse large B-cell lymphoma (DLBCL); follicular lym-
phoma (FL); lymphoplasmacytic lymphoma/Waldenstrom macro-
globulinemia (LPL/WM); mantle cell lymphoma (MCL); marginal zone
lymphoma (MZL); mycosis fungoides/Sézary syndrome (MF/SS);
peripheral T-cell lymphoma (PTCL).
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subtype (Figure 4B). The ORs for receipt of a blood transfu-
sion before 1990 ranged from 0.57 to 0.84 for PTCL, DLBCL,
CLL/SLL, follicular lymphoma, mantle cell lymphoma, and BL
Pomocenerry = 013, Pyopy = -025), whereas the OR was nonsignifi-
cantly greater than 1 for MF/SS, LPL/WM, and marginal zone lym-
phoma (Figure 4C). In contrast, the inverse associations observed for
NHL overall did not differ statistically significantly among NHL
subtypes for hay fever (OR = 0.82, P, =.12,P . =.36)

HOMOGENEITY NODE —
and allergy (OR = 0.86, P, =.24,P =.084). In analy-

IOMOGENEITY NODE
ses of other putative medical history risk factors for NHL, peptic

ulcer did not reach the threshold for significance in ASSET but
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Figure 4. Forest plots list the odds ratio (OR) for being diagnosed with
non-Hodgkin lymphoma (NHL), or its specific subtypes, for individu-
als with (A) hepatitis ¢ virus (HCV) seropositivity, (B) eczema, and (C)
blood transfusion prior to 1990, compared to individuals without that
condition. ORs were adjusted for age, ethnicity, sex, and study. Bold
font indicates associated subtypes in ASSET and colors represent dis-
tinct tree nodes. The trees on the right of the figure split the NHL sub-
types into groups of subtypes that were similarly affected by the given
exposure. Hairy cell leukemia (HCL) and acute lymphoblastic leukemia/
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demonstrated evidence for heterogeneity, with risk statistically sig-
nificantly increased 1.55-fold for marginal zone lymphoma and no

association observed for any other NHL subtype (P, = .058,
Promocenerry = -03% Pyopy = :0057).

Lifestyle factors and occupations generally exhibited smaller
ORs and less heterogeneity among NHL subtypes than medical
history and family history factors although some differences were
observed. The inverse association between alcohol consumption
and NHL showed weak evidence of heterogeneity, with slightly
stronger associations for DLBCL, BL, PTCL, and marginal zone
lymphoma than other subtypes, particularly for wine consumption

NHL

Prope=0.010
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NHL
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PTCL
FL
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lymphoma (ALL) were excluded from trees because small sample sizes
prevented reliable clustering. P, is the P-value for creation of that
node during hierarchical clustering. Subtypes include Burkitt/Burkitt-
like lymphoma/leukemia (BL); chronic lymphocytic leukemia/small lym-
phocytic lymphoma (CLL/SLL); diffuse large B-cell lymphoma (DLBCL);
follicular lymphoma (FL); lymphoplasmacytic lymphoma/Waldenstrom
macroglobulinemia (LPL/WM); mantle cell lymphoma (MCL); marginal
zone lymphoma (MZL); mycosis fungoides/Sézary syndrome (MF/SS);
peripheral T-cell lymphoma (PTCL).

137



(ORs = 0.64-0.81, P, vocenery = 014 Pyopr = -098, Figure 5A).
Increased duration of cigarette smoking was associated with the
greatest increased risk for PTCL and LPL/WM (OR = 1.75
and 1.50, respectively, per increasing category of duration) and
more modest increases for marginal zone lymphoma, mantle
cell lymphoma, MEF/SS, and follicular lymphoma (ORs = 1.19-
1.27, P ovocenemy = 3-2x107, P o= 1.0x107), whereas the
OR was 1.02 for DLBCL, 0.84 for CLL/SLL, and 0.77 for BL
(Figure 5B). Occupation as a teacher was inversely associated with
LPL/WM, marginal zone lymphoma, and BL (ORs = 0.27-0.59,

P =.0062, =.035, Figure 5C) but not other sub-

HOMOGENEITY PNODE

types, whereas occupation as a painter increased risk for MEF/SS
and BL (ORs = 3.42 and 2.28, respectively, P =.085,

HOMOGENEITY

P o = 023, Figure 5D). Usual adult body mass index did not
reach the threshold for significance in ASSET but demonstrated
some evidence for heterogeneity, with risk statistically signifi-
cantly increased 1.95- and 1.32-fold for MF/SS and DLBCL,
respectively, per increasing WHO category (P, = 018,
P ovocenerry = 3-1x107% P o= .015). For height, risks were
statistically nonsignificantly higher for BL than other subtypes
(OR = 2.43 per increasing sex-specific quartile versus OR = 1.20
for overall NHL, P, cmnprry = <024, Pyope = -20). In contrast,
statistically significant variability among NHL subtypes was not
observed for the positive associations for body mass index as
a young adult (OR = 1.95 per increasing category of body mass
index, P vocenery = -28> Puopr = -19) and occupation as a general

P, pi = -20) or for

tarm worker (OR = 1.28, P\ oy = -085,
the negative associations for recreational sun exposure (OR = 0.74

per increasing quartile of hours per week, P\ ocmmmy = 79
P pr = -70) and socioeconomic status (OR = 0.88 per increasing
tertile, P ocmnmry = <001, Py = -45).

Other putative NHL risk factors that we evaluated, including
measures of history of living and/or working on a farm, personal,
and/or occupational exposure to hair dye, hormonal/reproduc-
tive factors, and occupations other than those listed above, did not
reach the threshold for significance in ASSET (P, .. < .01) and
showed no clear evidence of heterogeneity among the NHL sub-

types (Supplementary Table 2, available online).

Overall Risk Factor Pattern Among NHL Subtypes

Although the specific patterns of association among NHL subtypes
varied by exposure, when all risk factors were taken into account,
we observed statistically significant clustering among subtypes.
The greatest difference in risk factor patterns was between T-cell

and B-cell lymphomas (P, < 1.0x 10, Figure 6). Eczema, occu-

ODE
pation as a painter, T-cell-activating autoimmune diseases, fam-
ily history of multiple myeloma, and cigarette smoking were all
more strongly associated with risk for T-cell than B-cell lympho-
mas although some of these factors were not exclusively associated
with T-cell lymphomas. ME/SS and PTCL also were different
from one another due to the striking association of eczema with
ME/SS (P, = -058). Additionally, substantial heterogeneity was
observed among B-cell lymphomas for the risk factors that we
evaluated, with the tree first separating marginal zone lymphoma
and BL (P, < 1.0x10), then follicular lymphoma and man-
tle cell lymphoma (P, = .017), and finally DLBCL and LPL/

WM suggestively separating from CLL/SLL (P, = .062). Key

ODE
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risk factors differentiating B-cell NHL subtypes included B-cell-
activating autoimmune diseases, hay fever, allergy, alcohol con-
sumption, HCV seropositivity, cigarette smoking, and occupation
as a teacher or general farm worker.

Discussion

In this large-scale, international collaborative study, we provide
the first comprehensive effort to quantitatively compare similari-
ties and differences in postulated risk factors among both com-
mon and rarer NHL subtypes. Based on a novel methodological
approach to cluster NHL subtypes according to a broad spectrum
of risk factors, the majority of risk factors showed differences in
risk among NHL subtypes, whereas fewer factors showed consis-
tent risks among subtypes. Overall, this approach most strongly
distinguished T-cell from B-cell lymphomas, with additional het-
erogeneity among specific types of B-cell lymphoma, although the
patterns of effect heterogeneity varied substantially for the differ-
ent risk factors. These results synthesize the highly detailed analy-
ses of risk factors for individual subtypes discussed elsewhere in
this issue (15-17,33-40) and expand previous InterLymph pooled
analyses by including data from additional studies and/or reporting
risks for rarer NHL subtypes (19,21,24-32).

Our clustering results support the relatively greater importance
of immune perturbation in the etiologies of PT'CL, marginal zone
lymphoma, BL, DLBCL, and LPL/WM compared with MEF/
SS, CLL/SLL, follicular lymphoma, and mantle cell lymphoma.
We found that HCV, autoimmune diseases, and peptic ulcer (a
proxy for Helicobacter pylori infection), which have previously been
reported as NHL risk factors and are thought to increase lym-
phoma risk through chronic antigenic stimulation (18,46,47), were
predominantly associated with PT'CL, marginal zone lymphoma,
BL, DLBCL, and/or LPL/WM. The importance of immune per-
turbation is further supported by 1) the patterns of association
for autoimmune diseases, whereby B-cell-activating autoimmune
diseases were most strongly associated with certain B-cell NHLs
and T-cell-activating autoimmune diseases with T-cell NHLs and
2) the particularly elevated site-specific risks associated with auto-
immune diseases localized to specific organs, as reported in the
analyses for marginal zone lymphoma, PT'CL, and DLBCL [eg,
celiac disease with enteropathy-type PTCL (15-17)]. Intriguingly,
our finding that alcohol consumption and occupation as a teacher
were most closely associated with some of these same NHL sub-
types raises the hypothesis that these factors also may influence
lymphoma risk via an immune-related mechanism. Our observa-
tions are consistent with the NHL subtype-specific risks observed
in solid organ transplant recipients and individuals with HIV/
AIDS, where lymphoma risk is thought to be related to reduced
control of lymphomagenic viruses such as Epstein-Barr virus,
decreased immunosurveillance capability, and immune activation
(8-13,48-51). However, variability in the specific immune-related
risk factor associations within this group of NHL subtypes suggests
that further research is needed to better understand the specific
immune perturbations that contribute to each subtype.

Other risk factors that we evaluated—including family his-
tory of leukemia or multiple myeloma, cigarette smoking,
some anthropometric measures, blood transfusions, and certain
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Figure 5. Forest plots list the odds ratio (OR) for being diagnosed with
non-Hodgkin lymphoma (NHL), or its specific subtypes, for individuals
(A) consuming > 1 serving of wine/month; (B) smoking longer, smok-
ing duration categorized into groupings of 0, 1-19, 20-29, 30-39, and
>40 years, with assigned values of 0, 1/4, 2/4, 3/4, and 1 for calculating
OR; (C) occupation as teacher; and (D) occupation as Painter. ORs were
adjusted for age, ethnicity, sex, and study. Bold font indicates associ-
ated subtypes in ASSET and colors represent distinct tree nodes. The
trees on the right of the figure split the NHL subtypes into groups of
subtypes that were similarly affected by the given exposure. Hairy cell
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leukemia (HCL) and acute lymphoblastic leukemia/lymphoma (ALL)
were excluded from trees because small sample sizes prevented reliable
clustering. P, is the P-value for creation of that node during hierarchi-
cal clustering. Subtypes include Burkitt/Burkitt-like lymphoma/leukemia
(BL); chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/
SLL); diffuse large B-cell lymphoma (DLBCL); follicular lymphoma (FL);
lymphoplasmacytic lymphoma/Waldenstrom macroglobulinemia (LPL/
WM); mantle cell lymphoma (MCL); marginal zone lymphoma (MZL);
mycosis fungoides/Sézary syndrome (MF/SS); peripheral T-cell lym-
phoma (PTCL).
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Specific Exposure® P
Node 1: MF/SS, PTCL v. others

Eczema 2.6x10°
Painter 2.4x10?
T-cell activating autoimmune disease 2.4x107?
Celiac disease 1.8x10
Family history of multiple myeloma 1.7x102
Duration of cigarette smoking 3.6x103
Node 2a: PTCL v. MF/SS

Eczema 6.3x1073

Node 2b: MZL, BL v. DLBCL, LPL/WM, CLL/SLL, MCL, FL

Prope<1.0x10
% P ope<1.0x10
3 Pyope=0.017
4 Puope=0.062
2 P p=0.058

MEF/SS
PTCL
MZL
BL
DLBCL
FL
MCL

Systemic sclerosis/scleroderma 3.0x102
Hay fever 6.2x1073
Allergy 3.5%103
Sjogren’s syndrome 3.2x10¢
Teacher 8.4x10
Alcohol consumption 9.5x1073
Wine consumption 2.9x107?
HCV seropositivity 3.5%10?
Node 3: DLBCL, LPL/WM., CLL/SLL v. MCL, FL
HCV seropositivity 4.2x10¢
Duration of cigarette smoking 2.6x1073
B-cell activating autoimmune disease 2.9x102
Node 4: DLBCL, LPL/WM v. CLL/SLL

Any alcohol consumption 1.7x10-3
B-cell activating autoimmune disease 3.0x1072
General farm worker 1.2x102

Figure 6. Top-down heierarchical clustering identified groups of
subtypes that had similar risk profiles among significant expo-

sures (P,..r < 0.01). The tree at the top of the figure illustrates

that the first split separated MF/SS and PTCL from the remaining
seven subtypes, the second split further divided that larger group,
separating MZL and BL from the remaining five subtypes, and so
forth. For each split, the table lists the risk factors that distinguish
the subtypes in the two resulting nodes at a statistically significant
level (p < .05) and the colored grid (similar to Figure 1) indicates

the odds ratios for the relevant subtype/risk factor pairings. P, is

the P-value for creation of that node during hierarchical clustering.

occupations—demonstrated heterogeneity among NHL subtypes
but no consistent patterns emerged. Detailed consideration of
these observed associations and potential biological mechanisms
are presented in the NHL subtype-specific analyses in this issue
(15-17,33-40). By conducting this analysis among subtypes, two
key observations arose. First, our results clearly demonstrated that
there is etiologic heterogeneity among NHL subtypes for numer-
ous, but not all, risk factors. However, the inconsistency of some of
the patterns suggests that further research is needed to identify the
characteristics that may lead to shared etiology among NHL sub-
types defined by the WHO classification. Investigation of molecu-
lar characteristics is a particularly promising avenue. Molecular
characterization of lymphomas has revealed distinct subtypes
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Hairy cell leukemia (HCL) and acute lymphoblastic leukemia/lym-
phoma (ALL) were excluded from the tree because small sample
sizes prevented reliable clustering. Subtypes include Burkitt/
Burkitt-like lymphoma/leukemia (BL); chronic lymphocytic leuke-
mia/small lymphocytic lymphoma (CLL/SLL); diffuse large B-cell
lymphoma (DLBCL); follicular lymphoma (FL); lymphoplasmacytic
lymphoma/Waldenstrém macroglobulinemia (LPL/WM); mantle
cell lymphoma (MCL); marginal zone lymphoma (MZL); mycosis
fungoides/Sézary syndrome (MF/SS); peripheral T-cell lymphoma
(PTCL). » Details regarding specific risk factors are provided in the
footnote for Figure 1.

within existing entities (eg, activated vs germinal center B-cell
DLBCL), as well as certain molecular characteristics that may cut
across existing entities [eg, Epstein-Barr virus infection, t(14;18)
translocations, double-hit lymphomas (52)]. Future research on
NHL etiology should explore the potential for relating specific
exposures to molecular subtypes of disease. Second, we observed
relatively modest associations for many of the risk factors evalu-
ated herein, particularly for lifestyle factors and occupation. Future
studies should refine exposure assessment, such as considering rel-
evant periods of exposure, gene—environment interaction, and bio-
markers rather than self-reported exposures, and expand research
to include other factors not assessed here, such as dietary factors or
specific chemicals.
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This analysis exemplifies the benefits of international consortial
collaboration. Inclusion of more than 17 000 NHL cases provided
sufficient statistical power to investigate the etiology of common
and rarer NHL subtypes. Across the broad range of exposures we
considered in this analysis, we provide the strongest evidence to
date of the importance of family history of hematologic malig-
nancy and certain medical conditions, environmental and lifestyle
factors, and occupations in lymphoma etiology. Centralized data
harmonization with rigorous quality control ensured standardized
NHL subtype definitions and exposure variables among studies.
Three complementary statistical approaches were used to identify
risk factors that were robustly associated with one or more NHL
subtypes, quantify the magnitude of the associations, and identify
NHL subtypes with similar risk factor patterns. These approaches
accounted for the complex pattern of missing data among stud-
ies and different sample sizes among NHL subtypes and used
permutation-based P values to reduce the chance of false positive
results. Subtype-specific reports published elsewhere in this issue
(15-17,33-40) demonstrate that individual risk factors associated
with each subtype generally were independent of one another and
that, on the whole, interstudy heterogeneity in risks was not evi-
dent despite some differences in exposure prevalence among stud-
ies (Supplementary Table 4, available online).

Several key limitations of this project should be considered in
the interpretation of our results. It was not feasible to centrally
review original pathology reports and materials for all cases, and
30% of the cases were not originally classified according to the
WHO. However, each participating study’s pathology review pro-
cedures, rules for NHL subtype classification, and NHL subtype
distribution were reviewed by an interdisciplinary team of patholo-
gists and epidemiologists to ensure that subtype definitions were as
consistent as possible among studies and with the WHO classifica-
tion. Also, the subtype-specific reports confirmed that findings were
consistent when restricted to cases classified by the WHO. Despite
the large sample size, risk estimates were still unstable for rarer
exposures, and the numbers of cases for HCL and ALL were too
small to include in the clustering analysis. As with all pooled analy-
ses, data harmonization necessitated broadening of certain exposure
categorizations and reduced ability to evaluate detailed exposure
characteristics, which might have attenuated risk estimates, and we
only considered potential risk factors that were available in at least
four contributing studies. Additionally, widely varying sample size
among exposures because of variability in data availability among
studies may have affected our ability to detect heterogeneity for
certain risk factors. Additional limitations inherent to case—con-
trol studies include potential for biased risk estimates due to biased
study population selection, inaccurate recall of exposures and/or
differential recall by cases and controls (53), and reverse causality
because exposures were ascertained after disease onset.

In conclusion, we have demonstrated that the etiology of
NHL is complex and multifactorial, with substantial heterogene-
ity among NHL subtypes. Of the risk factors considered in this
analysis, most were associated with several subtypes, some were
associated with nearly all subtypes, and very few were associated
with only a single subtype. Our analysis supports the importance
of pooling carefully harmonized data as well as utilizing novel
statistical methods to assess risks for specific disease subtypes.
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Additional research is needed to investigate potential associations
with other factors not included in these analyses, such as infectious
agents other than HCV] specific environmental and occupational
exposures, dietary factors, medications, and genetic susceptibility,
particularly for CLL/SLL, follicular lymphoma, and mantle cell
lymphoma, which were associated with relatively few risk factors
in this analysis. The insights provided by the risk factor patterns
that we observed should motivate future research into mechanisms
of lymphomagenesis, particularly in understanding the specific
immune perturbations that lead to risk of marginal zone lym-
phoma, BL, LPL/WM, DLBCL, and PTCL. Replication of our
results in prospective studies will provide support for the causality
of the associations we identified. Further research also is needed
to evaluate potential differences in risks for population subgroups,
such as by sex or race/ethnicity, and to consider heterogeneity
within NHL subtypes, such as by anatomical site or molecular sub-
type, which is particularly important as our understanding of NHL
subtypes continues to evolve. Finally, it will be important to evalu-
ate potential joint effects of risk factors with genetic susceptibility.
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