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Prevention and Epidemiology

Markers of B-Cell Activation in Relation to Risk of
Non-Hodgkin Lymphoma

Anneclaire J. De Roos1,2, Dana K. Mirick1, Kerstin L. Edlefsen3, Andrea Z. LaCroix1,2, Kenneth J. Kopecky1,
Margaret M. Madeleine1,2, Larry Magpantay4,5,6, and Otoniel Martínez-Maza4,5,6,7

Abstract
B-cell activation biomarkers have been associated with increased risk of non-Hodgkin lymphoma (NHL) in

HIV-infected populations. However, whether a similar association may exist in general populations has not been
established.We conducted a case-control study within theWomen's Health Initiative Observational Study cohort
to measure the B-cell activation biomarkers sCD23, sCD27, sCD30, sCD44, and CXCL13 in serum samples
collected an average of 6 years before NHL diagnosis in 491 cases and 491 controls. Using logistic regression to
estimate odds ratios, we observed strong associations between NHL andmarkers for all B-cell NHL and for major
subtypes. Women with marker levels in the highest-versus-lowest quartile categories of CD23, CD27, CD30, or
CXCL13 were at 2.8- to 5.5-fold increased risk of B-NHL. In addition, there were significant trends of risk with
increasing levels of these markers present. Associations were strongest for cases with shortest lag times between
blood draw and diagnosis (<3 years). However, there were also significant associations for cases with the longest
prediagnostic lag (9 to 13 years). Taken together, our findings indicate a prominent role for B-cell activation
among postmenopausal women in the etiology of B-cell NHL and/or in processes reflective of early disease
development as early as 9 years before diagnosis. Cancer Res; 72(18); 4733–43. �2012 AACR.

Introduction
One factor that is a well-known cause of non-Hodgkin

lymphoma (NHL) is altered immunity—as evidenced by
increased rates of NHL among persons with AIDS, transplant
recipients, and autoimmune disease patients (1–3). However,
the importance of subclinical immune dysregulation in devel-
opment of NHL in cases occurring in the general population,
who comprise the majority of cases, is unclear.
The risk of developing NHL of the B-cell type is markedly

increased in HIV/AIDS, particularly for aggressive subtypes
such as diffuse large B-cell lymphoma (DLBCL) and Burkitt
lymphoma. B-cell hyperactivation is commonly seen in persons
with HIV, and several studies indicate that those patients with
the most marked B-cell activation are at increased risk of
developing NHL. For example, increased serum/plasma levels
of molecules involved in B-cell activation, including soluble

sCD23 (4–7), sCD27 (7, 8), sCD30 (9), sCD44 (10), and CXCL13
(11, 12), have been associated with subsequent development of
AIDS-related NHL. B-cell activation is characterized by lym-
phocyte proliferation, class switch recombination, and somatic
hypermutation, all of which are prone to resultant errors in
DNA that may lead to lymphomagenesis.

Recently, reports from 2 prospective cohort studies of the
general population (presumably immunocompetent per-
sons) found that increased levels of sCD30 were associated
with increased risk of NHL, when measured in blood samples
collected up to 6 to 10 years before diagnosis (13, 14). sCD27
was also associated with increased NHL risk in one of these
cohorts (15). Taken together, these studies provide the first
evidence that lymphomagenesis in the general population
may result from relatively increased levels of B-cell activa-
tion in a manner similar to that observed in HIV-positive
persons.

We investigated the risk of B-cell NHL associated with
biomarkers, measured in prediagnostic serum, that are indic-
ative of an immune stimulatory host environment, including
levels of a cytokine-like molecule (sCD23), soluble cytokine
receptors (sCD27, sCD30), a molecule involved in lymphocyte
activation (sCD44), and a B-cell stimulatory chemokine
(CXCL13). We hypothesized that chronic B-cell activation, as
evidenced by elevated serum levels of these molecules,
increases the risk of B-cell NHL among immunocompetent
persons, similar to the risks observed in HIV-positive popula-
tions. We further hypothesized that the increased risk would
apply across a range of histologic subtypes, including more
indolent subtypes less commonly encountered in HIV. We
investigated our hypothesis in the Women's Health Initiative
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(WHI) Observational Study (OS) cohort using biologic samples
collected an average of 6 years before NHL diagnosis.

Materials and Methods
The study was designed as a nested case-control study in the

WHI OS. All study activities were approved by Human Subjects
review by the FHCRC IRB (IR #6897).

Study population
The design of the WHI OS has been published previously

(16). The OS includes 93,676 community-dwelling, postmeno-
pausal women enrolled between 1994 and 1998 at 40 clinical
centers distributed widely throughout the United States,
including targeted enrollment of minority women. Partici-
pants in the OS were screened for the WHI clinical trials but
were determined to be ineligible or were unwilling to partic-
ipate, or were recruited through a direct invitation for screen-
ing into the OS only. All participants of the WHI OS gave
written informed consent.

Patient charts of womenwho reported a cancer diagnosis on
an annually mailed questionnaire were reviewed by coders
trained in Surveillance, Epidemiology, and End-Results (SEER)
program guidelines to classify pathology findings according to
the ICD-O-3 coding (17). We included B-cell NHL cases that
were diagnosed before April 2009. Of 615 incident cases, 493
met the criteria for our study. Excluded were women with
cancer history (except nonmelanoma skin cancer) at enroll-
ment (n ¼ 88) or incident cancer during follow-up but before
the B-cell NHL diagnosis (n ¼ 34). Two additional cases were
eliminated because we did not find a matched control (1
DLBCL and 1 follicular lymphoma, see below); therefore, the
final number of cases in our study was 491. Our overall case
group included any subtype of B-cell NHL, and subtypes were
further grouped based on the World Health Organization and
the International Lymphoma Epidemiology Consortium
(InterLymph) guidelines (18, 19), including 142 chronic lym-
phocytic leukemia/small lymphocytic lymphoma/prolympho-
cytic leukemia (CLL/SLL/PLL; 28.8% of cases), 138 DLBCL
(28.2%), and 102 follicular lymphoma (20.9%); any case not
included in one of these subtypes was classified as "other" B-
cell NHL (N ¼ 109, 22.2%).

We selected one control for each case from OS cohort
members who had never been diagnosed with cancer (except
nonmelanoma skin cancer) at the time of case diagnosis. Each
control was selected using stratified random sampling from
the pool of eligible noncases living at the time of case diagnosis,
and was individually matched to its case by birth date (�1
year), U.S. region (Northeast, South, Midwest, West), and date
of enrollment blood draw (�3 months). We successfully
matched 491 control participants to the cases (we excluded
2 cases for whom a successful match was not found).

Biomarker measurement
We measured serum levels of soluble receptor molecules

(sCD23, sCD27, sCD30, sCD44) and CXCL13 by ELISA. Assays
were carried out according to the manufacturers' protocols for
sCD23, sCD30, and sCD44 (Bender MedSystems), CXCL13

(Quantikine, R&D Systems), and sCD27 using the PeliKine-
compact ELISA Kit and Toolset (CLB/Sanquin, RDI/Fitzger-
ald). Case and control serum samples were placed in random
order, with matched case/control pairs located next to each
other. Several precautions were taken to minimize interassay
variation (i.e., variation between runs for each analyte). We
purchased all of the ELISAs used in the study for a given analyte
from a single lot, to eliminate lot-to-lot variation. We included
a standard curve for each ELISA plate; therefore, the values of
the study specimenswere calculated froma standard curve run
on the same plate as the specimens. In addition, replicate
laboratory controls were included in every plate, allowing us to
monitor interassay coefficients of variation, which were <5%
based on replicates from 3 plates selected from the first,
middle, and last third of assay plates run. The WHI also
included 50-blinded duplicate pairs (100 samples), inter-
spersed randomly among the study samples. Overall coeffi-
cients of variation based on the blind duplicate samples ranged
from 7.0% (sCD30) to 11.7% (sCD23).

Statistical analysis
All analyses were carried out using the SAS system, version

9.1 (SAS Institute). The immune markers were analyzed as
continuous variables as well as categorical variables with cut
points for each assay set at the quartiles of the control dis-
tributions. All of the immunemarker variables had non-normal
distributions with right-skewing. We transformed these vari-
ables using the natural log to reduce the influence of extreme
values in regression analyses.

We generated ORs and 95% CIs as estimates of relative risks
of B-cell NHL associated with higher- versus lower levels of
each marker, using conditional logistic regression (20). Statis-
tical significance of the odds ratios was evaluated using the
Wald c2-square test. Initially, each specific marker was mod-
eled separately. Relative risks associated with each continuous
marker variable were estimated per unit increase in the analyte
level based on a log-linearmodel for the OR, corresponding to a
2.72-fold increase of the untransformed analyte level. Risks
associated with marker level categories based on quartiles
were estimated using the lowest category as the referent. We
conducted tests for trend across quartiles using a continuous
variable with assigned values equal to the intracategory medi-
an analyte level among controls. We also created a variable
reflecting the number of "high" marker levels for each woman,
calculated as the number of markers (of 5 total) for which a
subject had levels in the highest quartile category.We analyzed
the number of high marker levels as a set of indicator variables
for each possibility (1 through 5, using 0 as the referent).

We tested for etiologic heterogeneity by fitting uncondition-
al polytomous logistic regression models for major subtypes
of B-cell NHL, including DLBCL (N¼ 138), follicular lymphoma
(N¼ 102), CLL/SLL/PLL (N¼ 142), and "other" B-cell NHL (N¼
109), and testing for heterogeneity of risk estimates between
each pair of NHL subtypes.

To describe the patterns of association between immune
biomarkers and B-cell NHL according to the number of years
between blood sample collection and NHL diagnosis (pre-
diagnostic lag), we classified NHL cases according to
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prediagnostic lag increments of <3, 3 to 5, 6 to 8, and 9 to 13
years, chosen to maximize the range between the shortest and
longest lags, whereas including at least 90 cases in each group.
We tested whether there was heterogeneity in the associations
between the immunemarkers andNHL according to the length
of the prediagnostic lag by fitting unconditional polytomous
logistic regression models with NHL categorized in these lag
increments, and computing P values for heterogeneity of risk
estimates between specific lag increments. We also evaluated
risk estimates according to the prediagnostic lag for DLBCL,
follicular lymphoma, and CLL/SLL/PLL subtypes, separately,
for the continuous marker measures and the trend variables
only (due to sample size limitations in these subtype-specific
analyses).
All estimates were adjusted for the matching factors—birth

date, region, and date of blood draw. We also evaluated a set of
potential confounders, selected a priori, including race/eth-
nicity (coded as indicator variables for Black or African Amer-
ican and Other, with White, not Hispanic as the referent),
education (coded as grouped linear with 7 categories, as shown
in Table 2), body mass index (BMI, coded as continuous), and
smoking status (coded as indicator variables for Former and
Current, with Never as the referent). Potential confounding
was evaluated by the change in the effect estimate for a specific
marker when including the covariate in the model compared
with the model without the covariates; changes in risk esti-
mates greater than 10% were considered as evidence of pos-
sible confounding. Certain medical conditions and medica-
tions may influence circulating levels of the immune markers
we are studying and may also increase risk of NHL. To further
evaluate the magnitude of the main associations of interest
among otherwise apparently immunocompetent subjects, we
conducted subanalyses of the main effects by excluding sub-
jects who reported at baseline that they had ever been diag-
nosed with certain conditions or taken medications known to
be characterized by/cause altered immune status (such as
inflammation). Specifically, we excluded subjects who
reported a history of systemic lupus erythematosus, rheuma-
toid arthritis, glucocorticosteroid medications, disease-modi-
fying antirheumatic drugs, colitis, diverticulitis, pancreatitis,
kidney stones, gallbladder disease, stomach ulcer, goiter, and
asthma.

Results
Our study population of postmenopausal women (Table 1)

were mostly 60 years and older at the study baseline (>80% of
cases and controls), of white, not Hispanic race/ethnicity (91%
of cases and 85%of controls), and educated beyond high school
(approximately 80% of cases and controls). Approximately half
of the women never smoked, and approximately 60% were
classified as overweight or obese (BMI �25.0 kg/m2).
The levels of the immune markers we studied (Table 2)

differed significantly by age, in that older women had higher
levels (sCD27, sCD30, sCD44, CXCL13). Black or African Amer-
ican subjects had lower levels of sCD30 than white or other
race/ethnicity groups. Smoking status was a significant pre-
dictor of sCD23 and sCD27 levels, with opposite patterns

Table 1. Characteristics of study population
(N [%])

Cases
(N ¼ 491)

Controls
(N ¼ 491)

Age (y)a

50–59 95 (19.4) 95 (19.4)
60–69 247 (50.3) 244 (49.7)
70–79 149 (30.4) 152 (31.0)

Study regiona

Northeast 124 (25.3) 124 (25.3)
South 109 (22.2) 109 (22.2)
Midwest 119 (24.2) 119 (24.2)
West 139 (28.3) 139 (28.3)

Race
White, not Hispanic 449 (91.4) 416 (84.7)
Black or African American 19 (3.9) 32 (6.5)
Other 22 (4.5) 38 (7.8)
Missing 1 (0.2) 5 (1.0)

Education
Less than high school
diploma

16 (3.3) 29 (5.9)

High school diploma or GED 87 (17.7) 66 (13.5)
Vocational or training school 50 (10.2) 51 (10.4)
Some college or associate
degree

141 (28.7) 142 (28.9)

Baccalaureate degree 58 (11.8) 64 (13.0)
Some postgraduate or
professional

59 (12.0) 50 (10.2)

Master's or doctoral degree 78 (15.9) 86 (17.5)
Missing 2 (0.4) 3 (0.6)

Smoking status
Never 255 (51.9) 246 (50.1)
Former 206 (42.0) 215 (43.8)
Current 26 (5.3) 24 (4.9)
Missing 4 (0.8) 6 (1.2)

Body mass index
Underweight (<18.5) 8 (1.6) 10 (2.0)
Normal weight (18.5–24.9) 184 (37.5) 182 (37.1)
Overweight (25–29.9) 187 (38.1) 170 (34.6)
Obesity (30–34.9) 71 (14.5) 79 (16.1)
Extreme obesity (�35) 32 (6.5) 44 (9.0)
Missing 9 (1.8) 6 (1.2)

Histologic subtype
CLL/SLL/PLL 142 (28.8)
Diffuse large B-cell 138 (28.2)
Follicular lymphoma 102 (20.9)
Marginal zone lymphoma 45 (9.1)
B-NHL, not otherwise
specified

30 (6.1)

Lymphoplasmacytic lymphoma/
Waldenstrom
macroglobulinemia

16 (3.3)

Mantle cell lymphoma 9 (1.8)
Burkitt lymphoma 5 (1.0)
Hairy cell leukemia 4 (0.8)

aControls were matched to cases on birth year, blood draw
date, and study region.
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(current smokers had the lowest levels of sCD23 and the
highest levels of sCD27). There were some differences of
immune marker levels by education, but with no clear pattern.
Body mass index was associated with sCD23 (P ¼ 0.0002) and
sCD44 (P ¼ 0.07), with marker levels increasing by BMI
category and notably low levels for the small number of
underweight controls (N ¼ 10). CXCL13 levels were also
significantly associated with BMI; however, the only apparent
variability in the marker was that underweight women had
higher levels than the rest of the BMI categories. The 5markers
were all significantly correlated with each other (not shown in
tables), with Spearman rank correlation coefficients ranging
from r ¼ 0.26 (sCD23 with CXCL13) to r ¼ 0.59 (sCD27 with
sCD30).

Each of the immune markers was significantly associated
with increased risk of B-cell NHL, all types combined (Table 3).
There was no evidence of confounding by the a priori covariates
(race/ethnicity, education, BMI, and smoking status) in any of

our analyses of all B-NHL, NHL subtypes, or NHL cases grouped
by years since blood draw; therefore, we present risk estimates
adjusted for the matching factors only (birth date, region,
blood draw date). The continuous marker variables were all
associated with NHL risk, with 2.07- to 5.94-fold increases in
risk for each unit increase on the natural log scale (Table 3).
When all 5 markers were modeled together in continuous form
(not shown in tables), the risk estimates for B-cell NHL were
reduced somewhat but remained increased, with the excep-
tion of sCD44 for which the association was reversed (sCD23,
OR¼ 1.71 [95% CI, 1.44 to 2.04]; sCD27, OR¼ 2.64 [(95% CI, 1.43
to 4.87]; sCD30, OR ¼ 1.45 [95% CI, 0.95 to 2.21]; sCD44, OR ¼
0.42 [95% CI, 0.2 to 0.92]; CXCL13, OR ¼ 1.51 [95% CI, 1.09 to
2.08]). Women with marker levels in the highest-versus-lowest
quartile categories of CD23, CD27, CD30, or CXCL13 were at
2.8- to 5.5-fold increased risk of NHL, and there were signifi-
cant trends of risk by increasing categories of these markers.
CD44 was significantly associated with NHL in each quartile

Table 2. Immune marker levels among control subjects (geometric means) by characteristics of the study
population

sCD23 (U/mL) sCD27 (U/mL) sCD30 (ng/mL) sCD44 (ng/mL) CXCL13 (pg/mL)

Age (y)a

50–59 37.8 198.3 27.5 357.8 56.7
60–69 42.5 222.5 30.2 386.3 54.2
70–79 42.7 246.3 35.1 413.1 64.0

Study regiona

Northeast 40.4 224.8 31.3 385.5 56.9
South 43.7 221.2 31.3 389.2 55.0
Midwest 48.7 231.9 33.6 402.3 57.3
West 36.0 221.0 28.7 379.6 60.6

Race
White, not Hispanic 40.9 224.3 31.6 390.9 57.2
Black or African American 43.6 215.3 25.4 352.9 59.9
Other 47.5 228.0 30.3 388.4 59.9

Education
Less than high school diploma 45.3 231.0 30.8 399.1 60.2
High school diploma or GED 54.1 249.8 35.0 402.2 65.1
Vocational or training school 45.3 249.6 33.3 413.3 57.3
Some college or associate degree 41.6 216.9 30.2 386.8 54.4
Baccalaureate degree 35.3 228.9 30.3 370.4 53.9
Some postgraduate or professional 36.1 201.2 28.3 395.0 59.6
Master's or doctoral degree 38.5 213.9 30.6 372.6 58.1

Smoking status
Never 47.1 231.8 32.4 391.4 56.7
Former 37.7 214.0 29.7 381.3 57.3
Current 29.0 249.9 31.2 427.5 69.5

Body mass index
Underweight (<18.5) 18.3 253.8 36.8 319.9 96.7
Normal weight (18.5–24.9) 36.5 219.3 30.1 380.8 55.6
Overweight (25–29.9) 41.6 217.9 31.6 394.1 57.1
Obesity (30–34.9) 50.6 241.1 30.7 396.9 60.5
Extreme obesity (�35) 63.0 236.9 33.6 408.3 57.4

aControls were matched to cases on birth date, blood draw date, and study region.
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category; however, the risk did not increase across categories
(P-trend¼ 0.39). Women with a high level (highest quartile) for
any 1 of the 5 markers had 1.9-fold increased risk of B-cell NHL
(95% CI, 1.3 to 2.8) compared with women without high levels
for any of the markers, and the relative risk increased with each
additional number of high marker levels (2 high, OR¼ 2.1 [95%
CI, 1.4 to 3.2]; 3 high, OR¼ 2.5 [95% CI, 1.5 to 4.2]; 4 high, OR¼
5.5 [95% CI, 3.1 to 9.7]; 5 high, OR ¼ 10.0 [95% CI, 5.0 to 20.2]).

We saw increased risks associated with CD23, CD27, CD30,
and CXCL13 for all the NHL subtypes examined (Table 3);
however, there were some significant differences between
subtypes in the magnitude of risk estimates (P < 0.05 for tests
of heterogeneity between subtypes in polytomous regression
analyses). sCD23 was more strongly associated with CLL/SLL/
PLL than with DLBCL or follicular lymphoma for the contin-
uous measure, the highest-versus-lowest quartile, and the
trend variable, and in turn, sCD23 was more strongly associ-
ated with follicular lymphoma than DLBCL. For example, each
per-unit increase in the continuous sCD23 measure (on the
natural log scale) was associated with 4.99-fold increased risk
of CLL/SLL/PLL, which was significantly greater than the 1.97-
fold increased risk estimated for follicular lymphoma (P-het-
erogeneity < 0.0001), and this risk estimate for follicular
lymphoma was significantly greater than the 1.30-fold risk
associated with DLBCL (P-heterogeneity < 0.005). sCD27 asso-
ciations were stronger for CLL/SLL/PLL than follicular lym-
phoma for the quartile variables. The relative risk estimate
associated with the sCD30 continuous measure was signifi-
cantly higher for follicular lymphoma than CLL/SLL/PLL, and
the trend across quartiles was stronger for follicular lymphoma
or DLBCL than for CLL/SLL/PLL. sCD44 results were stronger
for the highest-versus-lowest quartile for DLBCL than CLL;
however, there was no clear risk trend across quartiles for
DLBCL. CXCL13 associations were stronger for DLBCL and
follicular lymphoma than for CLL/SLL/PLL for the continuous
measure and the highest-versus-lowest quartile, and the trend
across quartiles was stronger for DLBCL than for CLL/SLL/
PLL. Similar to observed associations for the 3 subtypes
examined, the risk of "other" B-cell NHL was significantly
elevated by continuous marker levels of sCD23 (OR ¼ 1.50,
95% CI, 1.20 to 1.89), sCD27 (OR ¼ 5.23, 95% CI, 3.04 to 9.01),
sCD30 (OR¼ 2.02, 95%CI, 1.32 to 3.10), andCXCL13 (OR¼ 2.66,
95% CI, 1.93 to 3.68), but not sCD44 (OR¼ 1.94, 95% CI, 0.89 to
4.25).

In polytomous regression analyses with B-NHL cases
grouped by the lag time between (prediagnostic) blood draw
and diagnosis (Table 4), CD23, CD27, CD30, and CXCL13 were
all significantly associated with increased risk of NHL when
measured in samples collected as early as 9 to 13 years before
diagnosis, whereas CD44 was associated with NHL risk (albeit
inconsistently) only when measured in samples collected
within 8 years of the diagnosis. Nevertheless, there was signif-
icant heterogeneity in the results by the length of the pre-
diagnostic lag (based on P < 0.05 for tests of heterogeneity
between cases grouped by lag time in polytomous regression
analyses) that indicated generally decreasing strength of asso-
ciations with increasing time between blood draw and NHL
diagnosis. The continuous measure for each marker was more

strongly associated with NHL cases with <3 years prediagnos-
tic lag than for cases with 9 to 13 years lag; for example, sCD30
was associated with 4.08-fold increased risk of NHL for cases
with <3 years prediagnostic lag, versus 2.03-fold increased risk
for cases with 9 to 13 years lag (P-heterogeneity ¼ 0.009). The
most consistent pattern of risk decreases by increasing lag time
were observed for sCD23 and sCD27, for which the continuous
marker measure wasmore strongly associated with NHL cases
whose blood samples were collected in the <3 years before
diagnosis than for any longer lag, and the trend across quartiles
was less strong for cases with 9 to 13 years lag than for cases
with any shorter lag. Similar results were seen for sCD30, CD44,
and CXCL13 with statistical significance for some, but not all
pairwise lag increment comparisons.

Of the subtypes examined, CLL/SLL/PLL was most strongly
associated with sCD23. The continuous sCD23 measure was
significantly associated with CLL/SLL/PLL within each pre-
diagnostic lag category (lags of <3 years and 9 to 13 years are
shown in Fig. 1); however, the association was significantly
stronger for CLL/SLL/PLL cases with blood draw <3 years
before diagnosis (OR¼ 14.5, 95%CI, 8.10 to 25.8) than for longer
lags (for example, for cases with 9 to 13 years lag, OR ¼ 4.62,
95% CI, 2.81 to 7.62; P-heterogeneity ¼ 0.0003). The trend of
increasing risk across quartiles of sCD23 was significant for
CLL/SLL/PLL cases within each prediagnostic lag increment,
although the trend was significantly stronger for cases with <3
years lag compared with those with 9 to 13 years lag (P-
heterogeneity ¼ 0.04). Similar heterogeneity by prediagnostic
lag was seen for sCD27 and sCD30 associations with CLL/SLL/
PLL (Fig. 1). DLBCL associations with each immune marker
tended to drop off with a longer lag between blood draw and
diagnosis (Fig. 2). There were no statistically significant asso-
ciations with the continuous marker measures for DLBCL
cases with 9 to 13 years lag since blood draw, and no indication
of a trend across quartiles for the 9 to 13 years lag, except for
CXCL13 (P-trend ¼ 0.07). For example, the association with
sCD44 was significantly stronger for DLBCL cases with blood
draw <3 years before diagnosis (OR¼ 8.74, 95% CI, 1.95 to 39.2)
than for 9 to 13 years lag (OR ¼ 1.08, 95% CI, 0.26 to 4.51; P-
heterogeneity ¼ 0.04). DLBCL associations with CXCL13 were
not significantly different between lag increments. There was
no significant heterogeneity by length of the prediagnostic lag
for any of the immune marker associations with follicular
lymphoma (Fig. 3). Nevertheless, associations did decrease
slightly with longer lags for sCD23, sCD27, and sCD30. For
example, there was 7.71-fold increased risk associated with the
continuous sCD30measure for follicular lymphoma cases with
<3 years prediagnostic lag (95% CI, 3.61 to 16.5) and 4.53-fold
increased risk observed for cases with 9 to 13 years lag (95% CI,
2.01 to 10.2), and the trend of increasing risk across quartile
categories was significant for all lag increments except 9 to 13
years.

The associations we observed were robust to exclusion of
study subjects reporting immune-related medical conditions
or medications at baseline (not shown in tables). For example,
in these analyses (n ¼ 346 cases, 349 controls), risk of B-cell
NHLwas significantly elevated for the continuousmeasure, the
highest-versus-lowest quartile, and the trend variable for
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sCD23, sCD27, sCD30, and CXCL13, with risk estimates for the
highest-versus-lowest quartiles ranging from 2.5 for sCD30
(95% CI, 1.5 to 4.2) to 6.3 for sCD23 (95% CI, 3.4 to 11.8).

Discussion
Our research was inspired by previous prospective studies

that have found these and other immune biomarkers of B-cell
activation to be associated with risk of NHL among HIV
patients (5–7, 9–11, 21). On the basis of the findings of the
studies among immune compromised patients, we hypothe-
sized that a B-cell stimulatory host environment increases the
risk of B-cell NHL among immunocompetent persons. The
prospective design of the WHI OS and the banked samples
offered a valuable resource to identifymarkers of subclinical B-
cell activation associated with NHL incidence in a sizable
study. We found strong associations between B-cell NHL and
sCD23, sCD27, sCD30, and CXCL13, with risks that increased
significantly by increasing levels of the markers.

Themarkers we studied are all indicative of, or involved in B-
cell activation. CD23 is an Fc receptor for IgE that is upregu-
lated on activated B cells. Its soluble form, sCD23, is released
from activated B cells and can itself induce further B-cell
stimulation, including enhancement of Ig class switch recom-

bination (22). CD27 and CD30 are both members of the TNF-
receptor superfamily (23, 24). CD27 interacts with other mole-
cules to provide costimulatory signaling in the activation of
both T- and B cells to proliferate and produce cytokines or
immunoglobulins (8). CD30 is preferentially expressed by
activated type-2 T cells, which produce cytokines that support
or enhance B-cell activation and/or differentiation (25). Higher
levels of both sCD27 and sCD30 have been found in persons
with immune system activation, such as those with autoim-
mune disorders, hepatitis B and C viruses, and HIV (26, 27).
CXCL13 is a chemokine that plays a central role in the
homeostatic trafficking of B cells, through interactions with
its only known receptor, CXCR5, which is commonly expressed
on resting B cells (28). The markers we studied are correlated,
which was not unexpected, given their related roles in immune
activation. Regardless of these correlations and the possibility
of 1 marker serving as a surrogate for a true association with a
related molecule, an association with any of the markers we
studied would suggest a role of B-cell activation in develop-
ment of B-cell NHL. Furthermore, even surrogate markers may
be useful in development of screening tests for NHL. There
remains the possibility that thesemarkersmay be predictive of
other types of cancer (or other diseases) in addition to NHL,
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and the specificity of the associations to NHLwould need to be
examined before the utility of the markers for screening could
be determined.
An important question in studies such as ours is whether the

markers (or B-cell activation, in general) are etiologically
associated with the disease in question (i.e., causal) or whether
they are simply elevated in response to as-yet undiagnosed
disease (i.e., reverse causation). Although this is impossible to
determine in an observational study, we assumed that if risk
estimates were stronger for cases with a short lag between
blood draw and diagnosis than for those with longer lags, this
was likely indicative of elevations in the marker due to undi-
agnosed disease. Some of thesemolecules, such as sCD27, have
been previously associated with lymphoma tumor load (29),
providing a basis for speculation that associations we observed
may reflect undiagnosed B-NHL or a precursor lesion. We did
observe the strongest associations for cases with the shortest
prediagnosis lag (<3 years). However, there were also relatively
strong, significant associations for cases with the longest lag (9
to 13 years), suggesting either an etiologic role of B-cell
activation, correlation with another etiologic process (i.e.,
association due to confounding), or a prolonged occult phase
of B-NHL. Theoretically, the samemolecule could play a causal
role in NHL development, as well as be subsequently upregu-
lated after tumor formation, and our results may reflect both
scenarios.
The presence of a consistent association of these markers

with B-cell NHL across histologic subtypes and over a number
of years argues that these associations cannot be attributed to
undiagnosed disease in all instances. There is currently no
evidence that most lymphoma subtypes, including DLBCL or
follicular lymphoma, are preceded by significant circulating
subclinical clonal lymphocyte expansions. However, specific
associations that we note with a short time lag may reflect
undiagnosed disease, particularly for CLL/SLL. It is now well
established that CLL/SLL is preceded in virtually all instances
by small, preclinical clonal lymphocyte expansions termed
monoclonal B-cell lymphocytosis (MBL; refs. 30, 31). CD23 is
known to be expressed by the neoplastic lymphocytes in
CLL/SLL, and increased levels of sCD23 have been associated

with CLL/SLL diagnosis and may be of prognostic significance
(32, 33). It is therefore likely that themarked elevation in risk of
CLL/SLL associated with increased sCD23 close to the time of
diagnosis reflects the presence of preclinical disease in these
patients. The same may also apply to the associations with
sCD27, as CD27 has also been shown to be expressed on clonal
lymphocytes in both MBL and CLL/SLL (33). However, even if
this is the case it does not necessarily imply that weaker
associations observed with a longer time lag reflect undiag-
nosed disease, even for CLL/SLL. At this time it is not well
documented whether MBL populations may precede a clinical
diagnosis of CLL/SLL by as much as 9 years, and it is also
unclear whether very smallMBL populations would contribute
significantly to circulating levels of these markers.

Our study is the largest to date of the biomarkers we studied
in relation to risk of NHL and was well powered, as evidenced
by narrow confidence intervals for our main analyses (confi-
dence interval widths of <3). Nevertheless, B-cell NHL is quite
heterogeneous, and we had adequate power for separate
analyses of only the more common NHL subtypes. Our results
provide evidence that the association with B-cell activation is
not limited to the aggressive forms of NHL that predominate in
HIV, based on similar associations we observed with indolent
lymphomas such as follicular lymphoma and CLL/SLL. In our
study, follicular lymphoma was the subtype with the most
consistent associations regardless of the lag time between
blood draw and diagnosis. We also observed the strongest
associations for sCD30with follicular lymphoma, as did Purdue
and colleagues (13). However, we had only 15 follicular lym-
phoma cases with 9 to 13 years between blood draw and NHL
diagnosis, limiting our power to detect differences by lag time.
Much larger samples will be needed to further characterize the
heterogeneity by both NHL subtype and the lag between blood
draw and diagnosis.

Our findings indicate a prominent role for B-cell activation
in the etiology of B-cell NHL and/or in processes reflective of
early disease. Our study population consisted of postmeno-
pausal women who were primarily of white race and well
educated, and the generalizability of ourfindings to the general
population is unknown. Further investigation of this biologic

Figure 3. Follicular lymphoma risk
associated with 1-unit (natural log
scale) increase in immune marker
level (OR and 95% CI), with cases
categorized by decreasing lag time
between blood draw and diagnosis
(*, 9 to 13 years; ~, <3 years).
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pathway in prospective studies is warranted, both for increas-
ing understanding of NHL etiology andwell as for development
of diagnostic/predictive markers.
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