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MOORE ET AL.

Abstract

Obesity has been associated with non-Hodgkin lymphoma (NHL), but the evidence
is inconclusive. We examined the association between genetically determined adi-
posity and four common NHL subtypes: diffuse large B-cell lymphoma (DLBCL), fol-
licular lymphoma, chronic lymphocytic leukemia, and marginal zone lymphoma,
using eight genome-wide association studies of European ancestry (N = 10,629
cases, 9505 controls) and constructing polygenic scores for body mass index (BMI),
waist-to-hip ratio (WHR), and waist-to-hip ratio adjusted for BMI (WHRadjBMI).
Higher genetically determined BMI was associated with an increased risk of DLBCL
[odds ratio (OR) per standard deviation (SD) = 1.18, 95% confidence interval (95%
Cl): 1.05-1.33, p = .005]. This finding was consistent with Mendelian randomiza-
tion analyses, which demonstrated a similar increased risk of DLBCL with higher
genetically determined BMI (ORper sp = 1.12, 95% CI: 1.02-1.23, p = .03). No sig-
nificant associations were observed with other NHL subtypes. Our study demon-
strates a positive link between a genetically determined BMI and an increased risk
of DLBCL, providing additional support for increased adiposity as a risk factor for
DLBCL.

What's New?

Obesity has been linked to the risk of non-Hodgkin lymphoma (NHL), but the evidence
remains inconclusive. Here, the authors investigate the possibility of shared genetic risk fac-
tors between obesity and four common NHL types. Drawing on data from 8 genome-wide
association studies, they found that a higher genetically determined BMI was associated with
a higher risk of just one NHL type, diffuse large B cell lymphoma (DLBCL). This positive associ-

ation was confirmed using Mendelian randomization.

1 | INTRODUCTION

Excess adiposity, possibly through mechanisms involving chronic
inflammation, is a suggested risk factor for B-cell lymphomas.

t,1~2 several observa-

Although the findings are not entirely consisten
tional studies of non-Hodgkin lymphoma have shown an association
between obesity and lymphoma risk.*® Of more common lymphoma
subtypes, the evidence is most convincing for diffuse large B-cell lym-
phoma (DLBCL), where excess weight-for-height in later adulthood
has been found to increase the risk of disease.>~”?"1° There is also
some evidence that being overweight or obese in young adulthood
may contribute to DLBCL risk.1°"** The evidence is less clear for
other B-cell lymphomas, such as follicular lymphoma (FL), chronic lym-
phocytic leukemia (CLL), and marginal zone lymphoma (MZL).>%%
These lymphomas are more indolent in nature, and weight loss in the
years leading up to diagnosis could have attenuated any observed
association of later adult obesity with disease etiology. Although no
associations were observed with body mass index (BMI) and risk of
CLL or MZL,*>¢ the InterLymph Consortium reported an association
between higher BMI in young adulthood and increased risk of FL in a

large pooled analysis.'”

To date, the majority of epidemiologic studies of lymphoma have
used BMI to estimate adiposity, largely due to the ease of obtaining
height and weight information, but other measures, such as waist-
to-hip ratio (WHR), may provide better indicators of body fat distribu-
tion. A larger WHR is indicative of greater abdominal, rather than glu-
teal, fat deposition, and has been associated with an increased risk of
type 2 diabetes, cardiovascular disease, and some cancers.’®20 The
relationship between WHR and NHL has been studied less often.
Although most studies have not observed an association with
WHR, 21321724 these studies have generally been small and under-
powered to detect associations with specific NHL subtypes. A meta-
analysis suggested that higher WHR may be associated with DLBCL,
but not FL.1* Some of the observed discrepancies could be due to the
known difficulties in studying anthropometry. These include the reli-
ability of height and weight when self-reported, as is common in stud-
ies of lymphoma; the timeframe of anthropometric information
relative to lymphoma diagnosis, especially when collected retrospec-
tively; and the different ages, time periods, and places of study where
the population prevalence of obesity may vary. Changes in body com-
position over an individual's lifetime complicate the study of the rela-

tionships between obesity and disease risk.


mailto:berndts@mail.nih.gov

MOORE ET AL

INTERNATIONAL
1JC JOURNAL of CANCER

1«

Although adult adiposity is a marker of multiple biological influ-
ences reflecting the interplay of genetics and environment, positive
associations between adiposity and NHL risk raise the possibility of
shared genetic risk factors. Genetic alleles are randomly allocated at
conception, not affected by disease status or environmental expo-
sures, measured reliably, and unchanged over the life course of an
individual. Hundreds of genetic variants have been identified to be
associated with measures of adiposity, BMI, WHR, and WHR adjusted
for BMI (WHRadjBMI); the variants for BMI and WHRadjBMI explain
6.0% and 3.9% of the variance, respectively.?>2® Many of the loci
identified for WHR without adjustment for BMI overlap those
loci identified for BMI, making interpretation of the results difficult as
associations observed for WHR may be due to correlation with BMI.
In contrast, the loci identified for WHRadjBMI are distinct from and
independent of those identified for BMI and reflect different biologi-
cal pathways. By combining SNP-specific associations with adiposity
into a single measure, a polygenic score (PGS),?” one can examine the
association between genetically determined adiposity and NHL risk
while circumventing some of the aforementioned methodological
complexities for characterizing body size. Mendelian randomization,
an analytic approach using genetic variation, can be used to investi-
gate potentially causal relationships between risk factors, such as obe-
sity, and disease risk.2® Indeed, previous Mendelian randomization
studies have used adiposity-related polygenic scores as instruments
to further elucidate and characterize the etiology of obesity-related
diseases.??3°

Here, we examined the association between genetically deter-
mined adiposity and NHL risk using data from eight GWAS, including
10,629 NHL cases and 9505 controls. As evidence suggests that sub-

3132 e focused our

types of NHL have distinctly different etiologies,
analysis on the risk of four major NHL subtypes, DLBCL, FL, CLL, and

MZL, and investigated associations with BMI, WHR, and WHRadjBMI.

2 | MATERIALS AND METHODS

We used previously genotyped samples of European ancestry and
imputed data from eight GWAS of NHL (Supplementary Table 1). Full
details of participating studies, including detailed information on qual-
ity control and data cleaning, have been previously reported for
DLBCL, FL, CLL, and MZL.3373¢ Briefly, the largest GWAS, the Inter-
Lymph NHL GWAS, was a pooled study consisting of NHL cases and
controls from 22 studies of NHL: nine prospective cohort studies,
eight population-based case-control studies, and five hospital or
clinic-based case-control or case-series studies. The other seven
GWAS were the University of California at San Francisco Molecular
Epidemiology of Non-Hodgkin Lymphoma study (UCSF2),%” Univer-
sity of California at San Francisco Molecular Epidemiology of Non-
Hodgkin Lymphoma study (UCSF1)/Nurses' Health Study (NHS)38
Scandinavian Lymphoma Etiology Study (SCALE),>® Genetic Epidemi-
ology of CLL Consortium (GEC),*® Groupe d'Etude des Lymphomes de
I'Adulte (GELA)/European Prospective Investigation into Cancer,
Chronic Diseases, Nutrition, and Lifestyles (EPIC),***2 Mayo Clinic

Case-Control Study of Diffuse Large B-cell Lymphoma (Mayo-
DLBCL),*® and the Utah Chronic Lymphocytic Leukemia Study (Utah).
Genotyping was performed on commercially available lllumina and
Affymetrix platforms (Supplementary Table 1), and standard quality
control and filtering metrics (i.e., low SNP and sample call rates, sex
discordance, deviation from Hardy-Weinberg proportions) were
applied to each GWAS. Imputation was performed separately for each
of the eight GWAS using IMPUTE2** and the 1000 Genomes Project
reference panel.*> Across the eight GWAS, genotype data were avail-
able for a total of 10,629 NHL cases, including 3100 CLL, 3857
DLBCL, 2847 FL, and 825 MZL cases, and up to 9505 controls.

To evaluate the genetically determined adiposity and the risk of
NHL, we constructed separate PGS for BMI, WHR, and WHRadjBMI
using published genetic loci from the Genetic Investigation of ANthro-
pometric Traits (GIANT) Consortium, which included 941 independent
SNPs associated with BMI, 382 independent SNPs associated with
WHR, and 463 independent SNPs associated with WHRadjBMI.2>2¢
Two SNPs for BMI, 4 SNPs for WHR, and nine SNPs for WHRadjBMI
were not available in our GWAS and were excluded. After Steiger
filtering,*® 917 SNPs remained for BMI, 358 SNPs for WHR, and
430 SNPs for WHRadjBMI. The polygenic scores were computed for
each individual (i) as the sum of the allelic dosage for each SNP muilti-
plied by the reported weight of the association with BMI, WHR, or
WHRadjBMI, as shown below:

k
PGS,‘ = Z W;Xij
j=1

where w; is the weight or beta coefficient for the jth SNP derived from
the literature and x; is the allelic dosage of the jth SNP. In our study,
we used the previously published per-risk-allele -estimates for the
European sex-combined meta-analysis for BMI, WHR, or
WHRadjBM|.2>2¢

As previous studies have demonstrated substantial etiologic

heterogeneity among NHL subtypes 312

we analyzed each of the
four NHL subtypes in this study separately. Logistic regression was
used to estimate odds ratios (ORs) and 95% confidence intervals (95%
Cl) for the association with genetically determined BMI, WHR, and
WHRadjBMI, separately by GWAS and by subtype. Each PGS was
modeled as a continuous variable and categorized into quartiles with
quartile cutoffs defined by the distribution among controls. Models
were adjusted for sex, age at NHL diagnosis or control selection, and
GWAS-specific statistically significant (p <.05) principal components
for population stratification. The regression model for the UCSF1/
NHS study was not adjusted for sex, as all controls were female. As
previous studies have demonstrated sex differences for waist-related
traits,2® as secondary analyses, we also performed sex-stratified ana-
lyses using: (1) the same weights for the PGS as the sex-combined
analysis, which allowed us to test for differences in the effect size
estimates using a Wald test, and (2) sex-specific PGS, which were con-
structed using the SNPs and weights previously identified for each

sex.2>?¢ Al analyses were adjusted for age and study-specific
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statistically significant principal components. The UCSF1/NHS study
was excluded from sex-specific analyses, as all controls were women.
Fixed-effects meta-analysis was used to combine association results
from the included GWAS for each NHL subtype. Between-study het-
erogeneity was evaluated by Cochran's Q test and was quantified
using the 12 metric. The meta-analysis was conducted using the pack-
age metan in Stata v16 (StataCorp, College Station, TX). The p-values
for between-sex heterogeneity were calculated using a Wald test. A
p-value <.05 was considered nominally statistically significant, and p-
values of 0.05-0.10 were considered suggestive. To account for mul-
tiple testing and control for the false discovery rate, g-values were cal-
culated using Benjamini-Hochberg, which is less conservative than
Bonferroni.*”

In addition, we conducted a Mendelian Randomization analysis to
assess the potential causal relationship using the inverse-variance
weighted (IVW), MR-Egger, weighted median, and weighted mode
methods as implemented in the TwoSampleMR R package.*® We
focused on the IVW approach as our primary method for analysis.
Fixed effects models were used for the IVW analysis. The same SNPs
were used for the Mendelian analysis as for the PGS analysis. Using
only summary-level data and under certain strict assumptions,?® the
exponentiated coefficient calculated in this manner can be interpreted
as the causal OR of a given NHL subtype associated with a one-unit
increase in the adiposity trait. The Mendelian randomization analysis
requires several assumptions: (1) PGS is related to the exposure,
(2) the PGS is not related to other exposures that could be con-
founders, and (3) the PGS affects the outcome only through the expo-

sure. There should be no directional or horizontal pleiotropy. To

assess the potential presence of directional pleiotropic effects, we
performed Egger regression and estimated the heterogeneity of SNP
association using Cochrane's Q-statistic. Scatter plots were used to
visualize the associations, and leave-one-out analyses were used

to evaluate the impact of outlier SNPs.

3 | RESULTS

Overall, higher genetically determined BMI was associated with an
elevated risk of DLBCL (ORper sp=1.18, 95% Cl=1.05-1.33,
p = .005) (Figure 1), which remained significant after adjustment for
multiple testing (g = 0.02). Compared to the lowest quartile, those in
the highest quartile of genetically determined BMI had an 18%
increased risk of DLBCL (OR=1.18, 95% Cl:1.04-1.32). After
stratifying by sex (Supplementary Table 2), we observed a positive
association with increasing BMI PGS and risk of DLBCL for men
(ORper sp = 1.23, 95% Cl 1.05-1.44, p = .01) with weaker evidence
of an association in women (ORper sp = 1.10, 95% ClI 0.92-1.31,
p =.29); however, the difference was not statistically significant
(Pheterogeneity = 0.35). Further analyses using sex-specific PGS for BMI
yielded similar positive associations for both men and women
(Supplementary Table 3). Overall, there was no association between
genetically predicted BMI and the risk of FL, CLL, or MZL (Figure 1).
After stratifying by sex (Supplementary Table 2), higher genetically
determined BMI was suggestively associated with an increased risk of
CLL among men (ORper sp = 1.17, 95% Cl: 1.00-1.37, p = .05) with
men in the highest quartile displaying a 15% increased risk of CLL

BMI PGS Odds Ratio 95% ClI
Diffuse Large B—cell Lymphoma Q1 1 ) 1.00 ref
Q2 J P — 1.12 (0.99 - 1.26)
Q3 i 1.08 (0.96 - 1.21)
Q4 P 1.18 (1.04 - 1.32)
Linear —_— 1.18 (1.05-1.33)
Follicular Lymphoma Q1 ) 1.00 ref
Q21 S PR 1.03 (0.90 - 1.17)
Q3 S P 1.04 (0.91 - 1.18)
Q4 1 . 1.01 (0.89 - 1.15)
Linear ———— 1.00 (0.88 - 1.14)
Chronic Lymphocytic Leukemia Q1 1 ° 1.00 ref
Q2 — 0.99 (0.87 - 1.12)
Q31 —_— 1.01 (0.90 - 1.15)
Q4 1 ———— 1.08 (0.95 - 1.22)
Linear —1—— 1.08 (0.95-1.21)
Marginal Zone Lymphoma Q1 [ 1.00 ref FIGURE 1 Risk of four non-
Q2 4 0.99 (0.80 - 1.23) Hodgkin lymphoma subtypes
Q3 I 0.97 (0.78 - 1.21) associated with genetically
Q44 _ 1 o 1.09 (0.88 - 1.34) determined body mass index (BMI).
Linear- ] 110 (0.89 - 1.36) QOdds ratios (ORs) and 95%
confidence intervals (Cls) are
06 08 1.0 12 14 shown for quartiles (Q1-Q4) of the
OR BMI polygenic score (PGS) and BMI

PGS modeled as a linear term.
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compared to the lowest quartile of BMI PGS (OR = 1.15, 95% ClI:
0.98-1.34). No association was observed for women (ORper sp =
0.97, 95% CI: 0.79-1.18, p = .73), and there was no significant het-
erogeneity by sex for CLL risk (Pheterogeneity = 0.14). Analyses using
sex-specific PGS showed a significant positive association for geneti-
cally predicted BMI among men but not women (Supplementary
Table 3). Little evidence of heterogeneity among GWAS was observed
for the BMI PGS (Pheterogeneity >0.05, Supplementary Table 4).

For men and women combined, no significant associations were
observed for any NHL subtype with genetically determined body fat
distribution as measured by WHR or WHRadjBMI PGS (Figures 2 and
3), although there was a suggestive association with higher
WHRadjBMI and increased FL risk (OR = 1.19 [1.00-1.43], p = 0.06).
In sex-specific analyses (Supplementary Tables 5), although not signifi-
cant after adjustment for multiple testing (q = 0.18), higher
WHRadjBMI PGS was nominally associated with lower risk of MZL
for men (ORper sp =0.60, 95% Cl =0.38-0.94, p =.03) but not
women (ORper sp = 1.25, 95% Cl = 0.84-1.88, p =.28), with evi-
dence of heterogeneity between the sexes (Pheterogeneity = 0.02). Men
in the highest quartile of WHRadjBMI PGS had a 33% reduction in
the risk of MZL compared to the lowest quartile (OR = 0.67, 95% Cl:
0.49-0.93). Additional adjustment for genetically determined BMI in
the WHRadjBMI analyses did not substantially alter the ORs observed
(data not shown). Consistent with the results for WHRadjBMI, a sug-
gestive reduction in MZL risk was also observed for men with higher

genetically predicted WHR (ORyer sp = 0.58 [0.34-1.02], p = .06),
but not women (ORper sp = 1.13 [0.68-1.86], p = .64) (Pheterogencity =
0.08, Supplementary Table 6). Analyses using sex-specific PGS
showed a suggestive reduction in MZL risk for WHRadjBMI among
men (Supplementary Tables 7 and 8). No significant linear trends were
observed with other subtypes in sex-specific analyses. With the
exception of a few individual quartiles, there was little evidence for
heterogeneity among the individual GWAS (Supplementary Tables 9
and 10).

To further explore the relationship between adiposity and NHL
risk, we conducted Mendelian randomization analyses; we discovered
generally high concordance between the associations calculated using
individual-level PGS with those estimated using the inverse variance-
weighted (IVW), weighted median, and weighted mode methods and
summary-level statistics for BMI, WHR, and WHRadjBMI for all NHL
subtypes (Figures 4-6, Supplementary Table 11). Similar to what we
observed with the individual-level PGS, higher genetically determined
BMI was associated with an increased risk of DLBCL using the IVW
method (ORper sp = 1.12, 95% Cl: 1.02-1.23, p =.03) with similar
results for the weighted median and weighted mode. No significant
associations were observed for the other NHL subtypes. Egger regres-
sion did not detect evidence of overall bias in the IVW estimate due
to directional pleiotropy in any of the analyses (p >.05 for all, Supple-
mentary Table 11). Scatterplots showing SNP-specific associations for
BMI, WHR, and WHRadjBMI with each NHL subtype are shown in

WHRadjBMI PGS Odds Ratio  95% CI

Diffuse Large B-cell Lymphoma Q1 1 ) 1.00 ref
Q24 [ 1.01 (0.89 - 1.13)
Q3 N PR 1.03 (0.92 - 1.16)
Q41 — 1.04 (0.93 - 1.18)
Linear R e — 1.05 (0.89 - 1.24)

Follicular Lymphoma Q1 4 ) 1.00 ref
Q2 P 1.18 (1.03 - 1.34)
Q3+ —_—— 1.16 (1.02 - 1.32)
Q41 —— 1.14 (0.99 - 1.30)
Linear —o 1.19 (1.00 - 1.43)

Chronic Lymphocytic Leukemia Q1 1 ® 1.00 ref
Q2 . N— 1.02 (0.90 - 1.15)
Q31 ——— 1.06 (0.94 - 1.20)
Q41 — 1.00 (0.89 - 1.13)
Linear 1 —t——— 1.05 (0.88 - 1.24)

Marginal Zone Lymphoma Q1 1 [ 1.00 ref
Q2+ o—— 1.05 (0.86 - 1.30)
Q31 —_———— 1.00 (0.81 - 1.24)
Q41 ———— 0.96 (0.77 - 1.19)
Linear ° 0.91 (0.68 - 1.23)

06 08 10 12 14
OR

FIGURE 2 Risk of four non-Hodgkin lymphoma subtypes associated with genetically determined waist-to-hip ratio adjusted for BMI

(WHRadjBMI). Odds ratios (ORs) and 95% confidence intervals (Cls) are sh
and WHRadjBMI PGS modeled as a linear term.

own for quartiles (Q1-Q4) of the WHRadjBMI polygenic score (PGS)
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WHR (unadjusted) PGS~ Odds Ratio ~ 95% ClI FIGURE 3 Risk of four non-
Hodgkin lymphoma subtypes
associated with genetically
Diffuse Large B—cell Lymphoma Q1 4 '3 1.00 ref determined waist-to-hip ratio
Q2 4 1.09 (0.97 - 1.22) (WHR). Odds ratios (ORs) and
Q3 4 1.08 (0.96 - 1.21) 95% confidence intervals (Cls) are
Q4 — 1.1 (0.98 - 1.25) shown for quartiles (Q1-Q4) of
LinearA 1 e 1.15 (0.94 - 1.41) the WHR polygenic score (PGS)
Follicular Lymphoma Q1 . 1.00 ref and WHR PGS modeled as a
Q2- e 1.04 (0.91 - 1.18) linear term.
Q3 — 1.02 (0.90 - 1.17)
Q4 I 1.12 (0.99 - 1.28)
Linear 1 ———— 1.16 (0.93 - 1.45)
Chronic Lymphocytic Leukemia Q1 1 ) 1.00 ref
Q21 — 1.02 (0.91-1.16)
Q3+ —— 0.95 (0.84 - 1.08)
Q41 — 1.03 (0.91-1.16)
Linear A _—r 1.02 (0.82 - 1.25)
Marginal Zone Lymphoma Q1 4 [ 1.00 ref
Q2 — o 0.97 (0.79 - 1.20)
Q3 SR C— 1.00 (0.81-1.23)
Q41 — 0.90 (0.72 - 1.11)
Linear 1 g 0.85 (0.59 - 1.24)
0.6 08 10 12 14
OR

Mendelian Randomization Analyses of BMI

Diffuse large B-cell lymphoma (DLBCL) ¢
IVW 4

Weighted median 4

Weighted mode

MR Egger

Follicular lymphoma (FL) 9

IVW 1

Weighted median

Weighted mode

MR Egger

Chronic lymphocytic leukemia (CLL) 9
IVW 1

Weighted median

Weighted mode

MR Egger

Marginal zone lymphoma (MZL) 4
IVW 4

Weighted median 4

Weighted mode

MR Egger

[ ]

0.75 1.00

1.25 1.50

OR

FIGURE 4 Mendelian randomization analyses of body mass index (BMI) and the risk of four non-Hodgkin lymphoma subtypes. Odds ratios
(ORs) and 95% confidence intervals (Cls) are shown for each subtype using the inverse variance weighted (IVW), weighted median, weighted

mode, and MR Egger methods.
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FIGURE 5 Mendelian
randomization analyses of waist-
to-hip ratio adjusted for body
mass index (WHRadjBMI) and the
risk of four non-Hodgkin
lymphoma subtypes. Odds ratios
(ORs) and 95% confidence
intervals (Cls) are shown for each
subtype using the inverse
variance weighted (IVW),
weighted median, weighted
mode, and MR Egger methods.

Diffuse large B—cell lymphoma (DLBCL) P

Chronic lymphocytic leukemia (CLL) 9

1 o=

Mendelian Randomization Analyses of WHRadjBMI

Diffuse large B—cell lymphoma (DLBCL) 9
IVW A ——
Weighted median ——
Weighted mode g
MR Egger A <
Follicular lymphoma (FL) P
IVW A -——
Weighted median —_——
Weighted mode *
MR Egger 1 *
Chronic lymphocytic leukemia (CLL) 9
IVW A —r—
Weighted median —_——
Weighted mode q 0
MR Egger 1 L
Marginal zone lymphoma (MZL)
IVW A —_———
Weighted median *
Weighted mode
MR Egger 1 *
0.4 1.0 3.0
OR

Mendelian Randomization Analyses of WHR

IVW A -
Weighted median 1 -—
Weighted mode g
MR Egger 1 L
Follicular lymphoma (FL) P
IVW A —r—
Weighted median 1 —_—
Weighted mode 1 0
MR Egger 1 g
IVW A —
Weighted median { —_————
Weighted mode 1 g
MR Egger 1
Marginal zone lymphoma (MZL) 9
IVW A —_—
Weighted median { g
Weighted mode 1 g
MR Egger A g
02 1.0 40
OR

FIGURE 6 Mendelian randomization analyses of waist-to-hip ratio (WHR) and the risk of four non-Hodgkin lymphoma subtypes. Odds ratios
(ORs) and 95% confidence intervals (Cls) are shown for each subtype using the inverse variance weighted (IVW), weighted median, weighted

mode, and MR Egger methods.
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Supplementary Figures 1-3; no individual SNPs were associated with
any NHL subtype at a Bonferroni significance level of 5.5 x 10~° for
BMI, 1.4 x 10~ for WHR, and 1.2 x 10~* for WHRadjBMI. There
was little evidence of heterogeneity in SNP effects (p>.01 for all, Sup-
plementary Table 11) Leave-one-SNP-out analyses yielded similar
results and did not provide evidence of any SNP unduly influencing

the results (data not shown).

4 | DISCUSSION

In this large study of genetically determined adiposity and NHL risk,
we observed a positive association between genetically determined
BMI and risk of DLBCL. The International Agency for Research on
Cancer (IARC) previously concluded that there was limited, but insuffi-
cient, evidence for an association between excess body fatness and
DLBCL.* Our study provides additional evidence for a role of adipos-
ity in DLBCL risk. Our results are consistent with epidemiologic stud-
ies of measured or self-reported BMI, including a pooled analysis of
prospective cohorts that reported a statistically significant positive
association between BMI and risk of DLBCL!® and a pooled analysis
based on case-control data from the InterLymph Consortium that dis-
covered elevated risks for DLBCL with increasing young adult BMI.>°
Prospective data from the Nurses' Health Study and Health Profes-
sionals Follow-up Study and other studies further support a role for
BMI throughout the life course.r*"1#

A positive association between BMI and DLBCL risk was further
supported by our Mendelian randomization analysis, suggesting a
potential causal relationship between BMI and DLBCL risk. Obesity
has been linked to many altered metabolic processes, including alter-
ations in the insulin-like growth factor pathway, sex hormones, and
adipokines as well as chronic low-grade inflammation,®* which may
promote lymphomagenesis. However, some caution should be exer-
cised in inferring causality from this analysis. Although the intercept
term calculated using Egger regression for DLBCL was not signifi-
cantly different from zero, this statistical test does not rule out the
existence of directional pleiotropy. BMI is a polygenic trait, and
the etiology of DLBCL has yet to be fully elucidated. The existence of
biological pleiotropy at one or more loci has the potential to violate
the Instrument Strength Independent of Direct Effect (InSIDE)
assumption of Mendelian randomization if those variants are related
to an unmeasured confounder or act by the same pleiotropic mecha-
nism (e.g., innate immunity).

Given the epidemiologic associations between measured or
reported adult BMI and risk of DLBCL in both men and women, it is
intriguing that our study found a positive association between the
genetically determined BMI and DLBCL risk in men, but less evidence
for women. There is ample evidence for sex-specific aspects of adi-
posity. For instance, women are relatively protected from certain
obesity-related diseases, such as cardiovascular disease, until meno-
pause when the resulting hormonal changes result in a shift in fat dis-
tribution.>® Twin studies suggest that the genetic influence on BMI

3

may differ between men and women,>® and, across multiple

populations, that sex-specific genetic influences on BMI are strongest
after puberty.>* It is possible that overall adiposity plays a stronger
role in the risk of DLBCL for men. However, it is important to note
that the difference in risk between men and women was not statisti-
cally significant in our study, and the elevated risk observed for men
could be a chance finding.

For genetically inferred WHRadjBMI, we discovered a nominally
lower risk of MZL with higher WHRadjBMI PGS among men but not
women. Although collider bias is possible, additional adjustment for
genetically determined BMI in the WHRadjBMI analyses did not sub-
stantially alter the associations observed, and results were similar for
WHR analyses. Although the difference between sexes was signifi-
cant, some caution should be exercised in drawing inferences as this
was a subgroup finding. The result was not statistically significant
after adjustment for multiple testing (g = 0.18), and heritability of
WHRadjBMI and variance explained by the reported loci is less for
men compared to women.?® Although not statistically significant, we
also observed a borderline increased risk of FL in the PGS analysis
with similar, albeit weaker, evidence in the Mendelian randomization
analyses. Although we used over 400 genetic variants to construct
the PGS and Mendelian randomization instrument for WHRadjBMI,
these variants combined explain only 1.0%-3.9% of the variation.2¢
As such, there is likely misclassification in the ranking of individuals
for these traits based on their PGS. Assuming that the misclassifica-
tion is non-differential, this could have biased our observed results
toward the null. Other studies have reported positive associations
between increasing genetically inferred BMI and WHRadjBMI with
risk of colorectal cancer using a similar approach,2%->® indicating that it
is possible to uncover associations with cancer risk with only a small
percentage of the variation captured by the score. However, these
studies had a larger sample size, and we may have been underpow-
ered to detect a modest association with risk in our study. Burgess
et al. reported that a sample size of ~10,000 cases is required to
detect a modest association in Mendelian randomization analyses
using an instrumental variable explaining 5% of the variance.>®

Although the literature on WHR and cancer risk is limited com-
pared with that on BMI and cancer, previous work that examined
WHR as a risk factor, most of which has been conducted in women,
has not found associations with NHL risk.221~2457 WHR represents a
different measure of adiposity that incorporates the observed protec-
tive effects of an increased femoral-gluteal muscle,”® and studies of
cardiovascular disease have shown associations with WHR indepen-
dent of BML.?” WHRadjBMI loci have been shown to be enriched for
genes expressed in adipose tissue itself, and pathway analyses impli-
cated genes involved in angiogenesis, transcriptional regulation, and
insulin resistance,®® the latter of which are also established pathways
for carcinogenesis. However, we only found limited evidence for a
role of WHR and WHRadjBMI in NHL risk in subgroup analyses in our
study.

Our study has limitations that are important to consider. Our par-
ticipants were sampled from populations of European descent, limiting
the generalizability of results to other ethnic groups, but this also has

the benefit of reducing bias from population stratification. As many of
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our subjects came from retrospective case-control studies, there is
the possibility of participation bias, as obese subjects may be less
likely to be controls; however, genotypes, distributed at birth, are
unlikely to be related to study participation. We did not have
individual-level data on BMI or WHR from all studies and could not
evaluate the variance explained by the PGS in our study. Although we
were able to combine multiple studies of NHL together in one analysis
and achieve sample sizes of several thousand cases for three out of
the four subtypes, our study had limited power to detect modest
associations between these anthropometric traits and specific NHL
subtypes. Larger studies are needed to further explore the suggestive
findings in this study. Previous studies of measured or self-reported
adiposity and cancer risk have been susceptible to recall bias, reverse
causation, residual confounding, and misclassification. By utilizing
genetically determined measures of adiposity, our results are less sen-
sitive to these concerns and provide additional insight into the role of
adiposity on NHL risk, though at the expense of the non-genetic
contribution.

In conclusion, our study provides evidence supporting a positive
association between BMI and DLBCL risk, consistent with the previ-
ously reported epidemiologic studies of measured or self-reported
adult BMI and risk of DLBCL. Future exploration of biological path-
ways that underlie the association with BMI and DLBCL is warranted
as well as the evaluation of BMI with DLBCL subtypes, as these may
provide more insight into the etiology of NHL.
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