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Gene expression profiling in follicular lymphoma to assess clinical aggressiveness
and to guide the choice of treatment
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Follicular lymphoma (FL) is a disease
characterized by a long clinical course
marked by frequent relapses that vary in
clinical aggressiveness over time. There-
fore, the main dilemma at each relapse is
the choice for the most effective treat-
ment for optimal disease control and fail-
ure-free survival while at the same time
avoiding overtreatment and harmful side
effects. The selection for more aggres-
sive treatment is currently based on histo-
logic grading and clinical criteria; how-
ever, in up to 30% of all cases these

methods prove to be insufficient. Using
supervised classification on a training set
of paired samples from patients who expe-
rienced either an indolent or aggressive
disease course, a gene expression profile
of 81 genes was established that could,
with an accuracy of 100%, distinguish
low-grade from high-grade disease. This
profile accurately classified 93% of the FL
samples in an independent validation set.
Most important, in a third series of FL
cases where histologic grading was am-
biguous, precluding meaningful morpho-

logic guidance, the 81-gene profile shows
a classification accuracy of 94%. The FL
stratification profile is a more reliable
marker of clinical behavior than the cur-
rently used histologic grading and clini-
cal criteria and may provide an important
alternative to guide the choice of therapy
in patients with FL both at presentation
and at relapse. (Blood. 2005;105:301-307)
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Introduction

Follicular lymphoma (FL) is a disease characterized by a long
clinical course for most patients and marked by frequent relapses
that vary in clinical aggressiveness over time. Transformation to
diffuse large B-cell lymphoma (DLBCL) is a common event and
occurs in approximately 30% to 85% of the patients.!3 Primary
treatment may vary from watchful waiting to high-dose chemo-
therapy with stem cell transplantation with the aim to reach
long-lasting disease-free survival and in a small subset of patients
possibly cure. At subsequent relapse, treatment is again stratified
for clinical aggressiveness. Transformation and development of
unresponsiveness to chemotherapy in the course of the disease are
the main causes of death in patients with FL and in these situations
more aggressive and possibly experimental therapy is justified. In
individual patients and at each relapse the diagnosis of the phase of
the disease (indolent or aggressive) is important for the choice of
optimal therapy. Timing of the most optimal treatment is of
particular importance for the benefit of patients because both
overtreatment and undertreatment in relation to the clinical aggres-
siveness of the disease affect event-free survival and overall
survival. Unnecessary or premature use of anthracycline is harmful
with respect to quality of life and morbidity, and the use is limited
by an absolute maximum tolerable dose. Conversely, withholding
aggressive chemotherapy (in clinically aggressive disease) will

result in insufficient therapy response with consequences for
disease-free and overall survival, especially in the first line.

Thus far, morphologic subclassification has been used as a
major guide in the choice of therapy in FL. In the World Health
Organization (WHO) classification, FL is graded as 1, 2, 3a, and 3b
according to the number of large transformed cells (centroblasts)
per high-power field.* Even though these criteria appear objective,
grading has a notoriously poor reproducibility among community
pathologists as well as experienced hematopathologists (agreement
61%-73%).> This is due to the subjective nature of morphologic
grading and the inherent inadequacy of the criteria set for
“transformed cells.” The cellular morphology of transformed cells
may be highly variable and the component of transformed cells
may be heterogeneous within the biopsy specimen. Therefore,
classical morphologic grading results in too many inconclusive
cases (10%-30% of all cases) and is not optimally suitable as a
guideline in the choice of therapy in daily practice. A major effort
should be put into finding an alternative method with objective and
reproducible parameters to judge clinical aggressiveness at any
decision point for treatment in patients with FL. Clinical prognostic
indices, such as the International Prognostic Index (IP1)*7 and
variations that are more tailored to FL (Follicular Lymphoma
International Prognostic Index [FLIPI]),% are in principle suitable
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markers of clinical course. However, the discriminative value for
most patients is limited because most patients will fall in the low
and low-intermediate risk groups'®!! due to the limitations and
resolution of the system. Moreover, these indices are only formally
validated for predictive value at diagnosis. Hence, other means of
stratification would add significantly to guide the choice of therapy.

Here, we present a FL stratification gene expression profile of
81 genes that, with an accuracy of 93%, can distinguish between
FLs that behave clinically indolent and those that behave aggres-
sively at the time of biopsy, both at presentation and at relapse.
Most important, this profile is also highly discriminative for
biopsies with inconclusive morphologic features in which the
pathologist cannot provide meaningful information (accuracy 94%).
Therefore, it provides an important improvement in comparison to
the currently available morphologic and clinical markers.

Patients, materials, and methods

Design of the study

The aim of this study was to search for a gene expression profile that can
assess indolent versus aggressive clinical behavior both at diagnosis and at
relapse for the disease episode at the moment of biopsy to replace current
inadequate morphologic and clinical methods. Because adequate upfront
criteria and gold standards for clinical behavior are not available, the
complete course of the disease was evaluated retrospectively for all patients
and each disease episode was defined as either indolent (nonaggressive) or
aggressive. To qualify as a clinically nonaggressive or indolent disease
episode, the following criteria had to be met: (1) absence of B symptoms,
elevated level of lactate dehydrogenase (LDH), rapid generalized disease
progression in the preceding 3 months, and (2) if treated, a good tumor
response (partial or complete remission) after at least one of 2 non—
anthracycline-containing, non-high-dose chemotherapy regimens (eg,
chlorambucil, CVP [cyclophosphamide, vincristine, prednisone], or fludara-
bine).!> An aggressive disease episode was defined as development of
B symptoms and LDH and/or rapid generalized disease progression within
the preceding 3 months, and/or progressive disease during successive
treatment with 2 or more non-anthracycline-containing, non-high-dose
chemotherapy regimens (Table 1). In case of ambiguous clinical situations,
the patient was not included in this study. Because FL is a genetically very
homogeneous disease and the variation in expression patterns is within
small limits, a supervised approach was chosen. A gene expression profile
was developed in a set of paired samples and validated in a separate series

Table 1. Criteria for retrospective assessment of the actual clinical
behavior of at any stage of the disease in patients with FL

Indolent clinical behavior Aggressive clinical behavior

Slowly progressive or waxing and Rapid progression/enlargement of a tumor
waning disease during watchful mass at one or more localizations within
waiting over at least 3 mo 3mo

OR AND/OR

On treatment: good tumor response Development of B symptoms and
(CR/PR)3® after treatment with elevation of LDH level after previously
CVP or chlorambucil or normal levels in the preceding 3 mo
chlorambucil/prednisone or
fludarabine in first or second line

AND

Normal levels of LDH and no B

symptoms*

AND/OR
Progressive disease during successive
treatment with 2 or more of the following
treatment protocols: CVP, chlorambucil,
chlorambucil/prednisone, and
fludarabine.

CR indicates complete remission; PR, partial remission.
B symptoms included more than 10% weight loss within 6 months, night sweats,
and fever more than 38°C.
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of patients. Most important, the profile was tested in a third series of cases
with ambiguous morphologic features.

Patient selection

Tumor samples from patients with primary nodal FL treated between 1984
and 2002 were selected from the fresh-frozen tissue banks of the Nether-
lands Cancer Institute, Central Laboratories Friesland, University Medical
Center Nijmegen, Leiden University Medical Center, and Groningen
University Medical Center according to the following criteria: availability
of a representative frozen sample and paraffin-embedded tissue, proven
diagnosis of FL, and availability of complete clinical data at presentation
and during follow-up. The study was approved by the medical ethics
committee of the Netherlands Cancer Institute. For patients whose diagno-
sis was made after 2002, informed consent to use human material for
research purposes after prior use for diagnostic purposes was given for all
patients in all participating hospitals.

A total of 106 samples from 80 patients were included in this study. Of
these patients, the full medical history from diagnosis to last follow-up or
death was evaluated retrospectively including data on IPI parameters,®
treatment, and treatment results. All relevant biopsy material was reviewed,
including full immunohistochemical workup (CD20, CD3, CDS5, bcl-2,
bcl-6, CD10, CD21) by 3 hematopathologists (D.dJ., R.K., J.vK.), classi-
fied, and graded according to the WHO classification. A selection of clinical
and histologic data is summarized in Table S1 (available on the Blood
website; see the Supplemental Table link at the top of the online article). IPI
parameters are grouped in a low/low-intermediate risk group for IPI score 0,
1, or 2, and a high-intermediate/high-risk group for IPI score 3, 4, or 5. For
each patient, indolent and aggressive disease episodes were assigned in
retrospect according to the criteria described (see “Design of the study”). It
should be noted that for the retrospective clinical classification histologic
grading was not included. We excluded all patients for whom due to lack of
data the clinical episode of the available biopsy sample could not be reliably
assigned to the indolent or aggressive phase of the disease.

Treatment varied and was administered according to local protocols at
the time of diagnosis, including cyclophosphamide/vincristine/prednisone
(CVP), fludarabine, chlorambucil, chlorambucil/prednisone, and cyclophos-
phamide/doxorubicin/vincristine/prednisone (CHOP-like) with or without
radiotherapy. Different “indolent-type” treatment protocols have been
shown to be equally effective in FL and do not result in different
disease-free and overall survival.!>!4 Because the aim of the study was to
find a profile related to clinical behavior at the time of biopsy and not a
survival-related or treatment response-related profile, variability in treat-
ment will not influence our study results.

The patient samples were divided in 3 different groups. (1) Training
series: Patients for whom paired samples corresponding to the concordant
clinical/morphologic indolent and to concordant clinical/morphologic ag-
gressive episodes were available; that is, combined indolent disease course
and FL grade 1 or 2* versus aggressive episode and FL grade 3b or
DLBCL.* Twenty-four paired samples of both phases in 12 patients were
used to build the classifier profile and to minimize patient-specific variation.
Age at diagnosis of these selected patients ranged from 24 to 74 years
(median, 49.5 years; median follow-up, 80 months; range, 29-304 months).
Transformation to aggressive disease occurred with a median interval of 64
months (range, 22-288 months). (2) Validation series: 58 independent
samples (54 patients) of clinical/morphologic indolent phases or clinical/
morphologic aggressive phases. Age at diagnosis ranged from 27 to 78
years (median, 53 years). The median duration of follow-up was 71 months
(range, 4-206 months). The aggressive-phase samples consisted of 18
patient samples, with a median interval to transformation of 36.5 months
(range, 3-139 months). The samples of the indolent group consisted of 18
patient samples (median follow-up, 91 months; range, 24-68 months) as
well as 22 samples from the indolent phases previous to transformation
(median interval to transformation, 47 months; range, 21-168 months).
(3) Validation (series) for difficult cases: Eighteen patient samples were
selected that showed ambiguous morphologic features according to the
review panel (D.d. J., R.K., H.v. K.) and were scored as inconclusive in the
past; borderline between FL grade 2 and grade 3a or histology characterized
by the dominant presence of small centroblast-like cells that fell outside the
consensus criteria for classical “large transformed cells.”™*
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In addition, 6 patients were selected who presented with a grade 1 FL
and clinically indolent behavior in the first biopsy, but showed histologic
transformation to DLBCL and progression to clinically high-grade and
aggressive disease within 10 months (median time to progression, 6.5
months; range, 3-10 months).

RNA isolation, amplification, labeling, and hybridization

Detailed protocols for RNA isolation, amplification, labeling, and hybridiza-
tion can be found at http://www.nki.nl/nkidep/pa/microarray/protocols.htm.
All samples were cohybridized with a standard reference of pooled and
amplified RNA isolated from tonsillectomy specimens of 5 patients who
underwent routine tonsillectomy for chronic ear/nose/throat infections. This
tissue reference was chosen to provide a lymphoid reference containing all
genes that are potentially expressed in the tumor tissues at a significant level
and biologically closely related to the tumor samples to be able to identify
small changes in expression levels between the tumor groups.

Microarray slides

Microarray slides were prepared at the central microarray facility (CMF) at
the Netherlands Cancer Institute. Sequence-verified cDNA clones (Invitro-
gen, Huntsville, AL) were spotted onto poly-L-lysine—coated glass slides
using the Microgrid II arrayer (Apogent, Cambridge, United Kingdom)
with a complexity of 19200 spots/slide. A complete list of genes and
controls included on the slides is available on the CMF Web site
(http://microarrays.nki.nl/download/geneid.html, http://microarrays.nki.nl/
download/protocols.html), as well as details on the process of preparing the
DNA for spotting and preparation of the slides.

Normalization

Fluorescent intensities were normalized and corrected for a variety of biases
that affect the intensity measurements (eg, color bias and print tip bias)
according to Yang et al.!> Weighted averages and confidence levels were
computed according to the Rosetta error model. '

Unsupervised clustering

Gene clustering and tumor clustering were performed independently using
agglomerative hierarchical clustering in the software program genesis.!”
For gene clustering, complete linkage similarity metrics among genes were
calculated on the basis of expression ratio measurement across all tumors.
Similarly, for tumor clustering complete linkage clustering was calculated
based on expression ratio measurements across all significant genes.

Supervised classification

To reliably discriminate between the indolent and aggressive tumors, the
following supervised classification method was used to build the FL
stratification classifier: (1) From the 19 200 genes on the microarray, genes
that were significantly different from the reference in at least 2 tumors were
selected (significance was based on P < .01 computed with the Rosetta
error model'©). (2) Calculation of the paired signal-to-noise ratio (SNR) for
each of the selected genes, and ranking of the genes (top-ranked genes
being genes that are best suited to separate indolent from aggressive
samples). (3) Determination of top-ranked genes that separate the 2 classes
best when used in a nearest prototype classifier.!® Steps 2 and 3 are
performed in a cross-validation procedure, where at each cross-validation
iteration a matched pair is left out and used to test the performance of the
classifier trained on the remaining pairs.

The optimal number of genes that could separate molecular low-grade
from molecular high-grade disease was determined in a leave-pair-out—cross-
validation method. More specifically, in 12 repetitive steps, each paired
sample was left out once, and for the remaining 22 samples, genes were
ranked on the SNR. Then starting with the 4 most informative genes the
classifier was trained on the 22 samples and used to predict the outcome of
the left-out pair. The classification of the left-out pair was predicted on the basis of
the largest Pearson correlation of the expression profile of each of the left-out
samples with the mean expression levels of the remaining samples from the
indolent or the aggressive patient samples for the selected reporter genes.
Subsequently, the whole procedure was repeated by adding 1 gene at a time. Note
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that to avoid selection bias,'>2 that is, underestimation of the error rate, samples
that were left out were not involved in any of the reporter selection steps.

The performance was measured as the average of the false-positive and
false-negative rates of the left-out samples. No further increase in perfor-
mance was observed when the number of included reporter genes exceeded
81. Because the ranking in every cross-validation iteration produces a
slightly different set of marker genes, the final set of 81 classifier genes in
the FL stratification classifier was determined by taking the 81 genes that
occurred most frequently in each of the 12 steps.

The description of this study followed the Minimum Information About
a Microarray Experiment (MIAME) guidelines issued by the Microarray
Gene Expression Data group.?!

Results

To provide an accurate and clinically relevant classification of FL,
106 specimens from 80 patients (Table S1) were analyzed for gene
expression profiles using 19 200 cDNA microarrays.

As a first step, unsupervised 2-dimensional hierarchical cluster-
ing was performed on 72 FL grade 1, 2, 3a, and 3b samples to group
genes on the basis of similarity across all tumors and to group the
tumor samples according to similarities in gene expression (Figure
1). This shows a relative homogeneity of FL as a single disease
entity and shows a division in 3 main groups with no enrichment
for morphologic grade or clinical behavior. It should be noted that
multiple samples of single patients do not dominantly cluster
together and both IPI score and treatment are not components in the
clustering. Unsupervised clustering is by far insufficient for clinical
use; therefore, a supervised classification approach was chosen.

Development of a molecular profile for low-grade and
high-grade disease in FL on the basis of paired samples

To build a classifier a group of 24 paired samples from 12 patients
was used for whom samples of both the clinically and morphologi-
cally indolent phase as well as the clinically and morphologically
aggressive phase of the disease were available. Using the Rosetta
error model,'® a total of 4760 mRNAs were found to be differen-
tially expressed compared to the reference RNA (P < .01 in 2 or
more samples). From these, a set of 81 genes emerged from the
cross-validation procedure with the optimal classification perfor-
mance of 100%.

The correlation coefficients for each of the tumor samples with
the average expression of these 81 genes in either low-grade or
high grade samples in the cross-validation were calculated and are
shown in Figure 2A. Tumors positioned above the threshold were
classified as aggressive; tumors below the threshold were classified
as low-grade. The line of equal correlation was chosen as threshold
because misclassification in both directions (false positives and
false negatives) would result in equally adverse treatment conse-
quences for the patient.

The expression pattern of the 81 genes in the 24 learning
samples is shown in the color plot of Figure 2B, where the tumors
are ranked according to the difference in correlation with the
average high-grade profile and the correlation with the low-grade
profile (middle panel).

Expression data were associated with data on clinical and
histologic parameters (histologic grading, IPI score, and clinical
classification; Figure 2B right panel) and correlated perfectly
with histologic grading and clinical behavior. This is not
unexpected because the tumors were selected for unambiguous
morphologic features concordant with clinical behavior. Impor-
tantly, IPI score was not found to be a very strong discriminative
factor for clinical behavior.
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Figure 1. Unsupervised clustering of 72 FL samples, grades 1, 2, and 3, shows a relative biologic homogeneity of FL. There is a separation in 3 main groups with no
enrichment for morphologic grades or clinical behavior in either of the groups. Each row represents a tumor and each column a single gene. Gene expression is depicted
according to the color bar. Red indicates a high level of mMRNA expression relative to the reference and green indicates a low level of expression. Selected morphologic and
clinical data are depicted in the right panel. For clinical features, [] indicates indolent and M indicates aggressive disease behavior (Table 1 lists criteria). For morphologic
grading, [ indicates grade 1; &, grade 2; and W, grade 3. For IPI, [ denotes scores 0, 1, or 2, and W, 3, 4, or 5. E denotes insufficient data.
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The FL stratification profile (Figure 2B) contains genes signifi- immunohistochemical data from corresponding paraffin-embedded
cantly up-regulated in the aggressive phase of the disease that are  material of all samples, showing 40% to 70% T-cell infiltration in
involved in cell cycle control (eg, CCNE2, CCNA2, CDK2, FL and20% to 50% T-cell infiltration in DLBCL.

CHEKI, MCM7) and DNA synthesis (eg, TOP2A, POLD3A,
HMGAI, POLE2, GMPS, CTPS) as well as genes reflecting Validation of the FL stratification profile in an independent
increased metabolism (FRSB, RARS, HK2, LDHA). Genes involved <o ias of transformed FL

in signal transduction reflecting activation of several signaling
pathways are differentially expressed (eg, FRZB, HCFCRI, To validate the classifier, an additional independent set of 58 FL

PIK4CA, MAPK]I). Genes derived from the reactive infiltrate of T  samples was investigated: 40 morphologic/clinical indolent samples
cells and macrophages (CD3D, CXCLI2, TM4SF2) were up- and 18 samples from the morphologically/clinically aggressive
regulated in the indolent phase of the disease as expected from phase of the disease. Like the training series, cases were selected
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Figure 2. Supervised classification of 12 paired lymphoma samples (training series). (A) Correlation plot of the FL stratification profile. Correlation of the expression
profile of each tumor sample with the average expression profile of all indolent samples is depicted on the horizontal axis, and the correlation of the expression profile of each
tumor with the average expression profile of all aggressive tumor samples is shown on the vertical axis. Tumors classified above the threshold are classified as molecular
high-grade; tumors below the threshold are classified as molecular low-grade. (B) Expression data matrix of 81 marker genes from tumors of the indolent as well as the
aggressive phase of 12 patients with FL. Each row represents a tumor and each column a gene. Genes are ordered on the basis of their SNR. Tumors are rank ordered
according to the difference in correlation with the average high-grade profile and the correlation with the low-grade profile (middle panel). The solid yellow line is the classifier
with optimal accuracy; patients above the yellow line have an aggressive disease course; below the yellow line, they have an indolent disease course at the disease episode at
the time of biopsy. Selected clinical data are shown in the right panel. For morphologic data, [] indicates FL grade 1 or 2; B indicates FL grade 3b or DLBCL. IPI scores and

clinical behavior at time of biopsy are as described in Figure 1.
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Figure 3. Correlation and pattern of expression of genes used to determine the clinical characteristics of 58 lymphoma samples (independent validation series).
(A) Correlation plot of the FL stratification profile. Correlation of the expression profile of each tumor sample with the average expression profile of all low-grade samples of the
training series is depicted on the horizontal axis, and the correlation of the expression profile of each tumor with the average expression profile of all high-grade tumor samples
of the training series is shown on the vertical axis. Tumors classified above the threshold are classified as molecular high-grade; tumors below the threshold are classified as
molecular low-grade. (B) Expression data matrix of 81 marker genes from tumors of the indolent as well as the aggressive phases of patients with FL. Each row represents the
FL stratification profile for one tumor. Each column represents the relative expression of one gene. The genes in the horizontal direction are arrayed in the same order as in
Figure 2B. Tumors are rank-ordered according to the difference in correlation with the average aggressive profile and the correlation with the low-grade profile of the training set
(middle panel). The yellow line is the threshold as determined in Figure 2 (see Figure 2 for color scheme). In the panel on the right morphologic and clinical features are shown
of the samples similar to features shown in Figure 2B. Of the 58 samples, 4 were misclassified (93% accuracy).

for concordant histologic grade and clinical behavior. The gene
expression ratios of the 81 genes for these tumors and their
correlation coefficients of the tumor samples with the average
expression of these 81 genes with either indolent or aggressive
samples of the training series are shown in Figure 3. The 18
samples with values above the threshold were assigned to the
high-grade category; the 40 samples below the threshold were
assigned to the low-grade category. When compared to morpho-
logic and clinical data (Figure 3B), this resulted in 4 incorrect of 58
classifications: 2 false negatives, that is, morphologically/clinically
aggressive samples classified as molecular low-grade and 2 false
positives, that is, morphologically/clinically indolent classified as
molecular high-grade (93% accuracy).

Performance of the FL stratification profile in histologically
difficult cases

To further confirm the performance of the FL stratification classi-
fier, 18 diagnostically difficult cases with ambiguous morphologic
features were selected that precluded a meaningful decision (based

Figure 4. Pattern of gene expression of genes used to
determine the clinical characteristics of 24 FL samples (test
series). (A) The expression data matrix of 18 tumor samples with
an unclear morphology across the 81 gene profile. The genes in
the horizontal direction are arrayed in the same order as in Figure
2B. Tumors are rank ordered according to the difference in
correlation to the molecular high-grade and low-grade profile as in
Figure 2 (middle panel). The yellow line is the threshold as
determined in Figure 2B (see Figure 2 for color scheme). Morpho-
logic data, IPI scores, and clinical behavior are shown on the right.
[, B, and M are as indicated in Figure 1B. Of the 18 samples, the
classifier predicted the actual clinical behavior correctly in 17
patients (accuracy 94%). (B) Expression data of 6 tumor samples
from patients with unequivocal morphologic and clinical indolent
disease, but who presented with full-blown aggressive disease
within 10 months. One sample was classified as molecular
high-grade.

on grade) by the pathologist; clinical behavior was determined in
retrospect as in the training and validation series. The actual clinical
course as predicted by the FL stratification classifier revealed 2
samples classified as high-grade and 16 samples as low-grade. One
of these samples was incorrectly classified; this patient was
clinically assigned as having aggressive disease, whereas the FL
stratification classifier predicted low-grade disease (Figure 4A). Of
these 18 patients, IPI scores at the time of biopsy indicated
low/low-intermediate risk in 10 patients (Figure 4A, right panel;
[]) and high/high-intermediate risk in 4 patients (W ); in 4 patients
no scores could be assigned due to lack of data ().

To evaluate the notion that the 81-gene profile reflects the actual
clinical behavior at the time of biopsy rather than predicts future
transformation, an additional set of 6 patients was selected who had
morphologically evident indolent, grade 1 disease in their biopsy
samples and had indolent disease course at the time of the biopsy, but
who presented with full-blown morphologically and clinically aggres-
sive disease within a period of 10 months. The classifier marked 5 of 6
cases as low-grade disease in support of this hypothesis.
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Discussion

We have developed an FL stratification gene expression profile to
assess the actual clinical behavior in FL to replace current
insufficient morphologic and clinical methods. The classifier of 81
genes was developed in a paired-samples series of 12 patients with
FL whose disease later transformed to aggressive disease to
discriminate at 100% accuracy. In an independent validation series
of 40 patients in a morphologic/clinical indolent disease phase and
18 patients with a morphologic/clinical aggressive disease phase,
the molecular profile showed an accuracy of 93%. Only samples
with unequivocal morphologic features of indolent FL (FL grade 1
or 2) and aggressive disease (FL grade 3b or DLBCL morphology)
were included, to select for an expression profile that is optimized
for genes that are involved in clinically relevant transformation to
the aggressive phase of the disease. The profile would therefore be
most relevant in the stratification of FL. This profile applies to FL
and transformed FL including DLBCL, but excludes de novo
DLBCL. It should be noted that de novo DLBCL represents a
different disease. Prognostic profiles for this disease have been
developed by Staudt and coworkers?>?3 and Shipp and coworkers.?*

The selection of the morphologic spectrum of samples used in
the training and the validation set (FL grade 1 and 2, and FL grade
3b and DLBCL) has a good reproducibility among hematopatholo-
gists and accounts for the significant correlation of morphologic
stratification and clinical course in large series.” However, in
practice, the largest problem is in borderline cases that show
heterogeneity with respect to the number of large transformed cells
or that contain blastlike cells with a variant morphology. In these
patients, whose tissues represent approximately 10% to 30% of all
FL biopsies, the pathologist cannot provide meaningful informa-
tion on which to base treatment strategies. In view of the frequent
relapsing nature of the disease, histologic grading problems are
encountered in the far majority of the patients. We assumed that
the genes selected in a profile that was based on the extremes of the
spectrum of FL would also be of predictive relevance in the
morphologically “gray zone.” Our molecular profile proves its
value mostly in this group of FL, as was supported by the findings
in a test series containing this type of ambiguous case, in which our
FL stratification profile could adequately assess the clinical
behavior at the disease episode at the moment of biopsy in 17 of
18 patients. Notably, of the 16 patients classified as having
molecular low-grade disease, 5 were overtreated with aggres-
sive therapy if currently used methods to guide therapy are
compared to the stratification profile (data not shown). IPI
scores in these patients showed mainly low and low-intermedi-
ate risk scores that would not add significantly as a guide in the
choice of therapy. Our gene expression-based profile outper-
forms IPI classification in all cases. Especially in difficult cases,
the profile outperforms histologic grading and significantly adds
to the meaningful stratification of patients with FL and prevents
patients from unnecessary aggressive treatment.

A control group of 6 patients with clinically and morphologi-
cally indolent disease at the time of biopsy presented with clinically
aggressive disease and overt transformation to DLBCL at another
localization within 10 months. Five of 6 tumors showed a
low-grade gene expression profile. This is not unexpected because
the FL stratification profile was not developed to predict the risk for
the development of aggressive behavior/transformation nor to
predict survival, but only to assess the clinical behavior at the time
of biopsy. This is an important, but quite different, question for
which it remains to be shown if the molecular reflection of the risk
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for transformation is an inherent property of the lymphoma ab
initio, as has been shown for metastatic behavior in breast
cancer,'82 or is a feature that is only present once actual
transformation has occurred. In the latter case, sampling error
will remain a confounding factor also in molecular analysis.
This may be an explanation for the misclassified cases in our
validation series.

Functional annotation for the 81 genes in the FL stratification
classifier and in the full set of genes that are differentially expressed
in indolent and aggressive disease may provide more insight in the
biologic mechanisms underlying transformation in FL. Genes
involved in cell cycle control and DNA synthesis and metabolism
were significantly up-regulated in the aggressive phase of the
disease as expected. Three genes of the molecular profile, CXCL/2,
which is involved in signaling transduction and NEK2, which is
involved in mitotic regulation, and MAPKI have also been
described by others to be differentially expressed in transformed
FL.?7-% Other genes that have previously been described to be
involved in transformation of indolent lymphomas (CD69, DNA
polymerases, WEEI, HUGAI, RAS pathway genes?>2427:28.30) and
as single prognostic markers in aggressive lymphomas (eg, survivin/
BIRC5.3! LDHA,” and ¢-MYC??) are only present in the top 1000
ranked genes that are differentially expressed in the indolent and
the aggressive phase of the disease, but as such are not a part of the
81-gene classifier. MYC, as a known oncogene, was found up-
regulated on transformation, as also reported by others and may be
implicated as a direct transforming factor. This may be suggested
by concomitant up-regulation of known MYC-target genes as
SFRS7, LDHA, MTHFDI1, NMEI, MSH2, and CKS2 and down-
regulation of CDKNIB.**33 The higher density of the T-cell
infiltrate in low-grade FL as compared to high-grade disease is reflected
by several T cell-related genes (CD3, CD2, CD69). However, genes
related to T-cell and macrophage activation including several chemokine
receptors (CCRI, CCL3, CCL5, CCLS, AKAPI2, ILF3, GEM) are
significantly up-regulated on transformation, suggesting an important
biologic role. Notably, specific antagonists to several of the
above-mentioned chemokine receptors are available and offer an
attractive possibility for therapeutic interventions** as do other
individual gene products that are differentially expressed in the
aggressive phase for which specific antagonistic and agonistic
compounds have been developed (eg, to the negative regulatory
lysophosphatidic acid receptor Edg-2%).

How to proceed toward clinical practice? Because the number
of genes that comprises the molecular profile is limited, develop-
ment of diagnostic assays based on custom-made mini-chips or
multiplex polymerase chain reaction for use in clinical practice
might be feasible.

Our data indicate that on the basis of this FL stratification
profile, we can now more reliably stratify FL for low-grade and
high-grade disease than by morphologic grading and clinical
prognostic parameters. The FL stratification profile provides an
important improvement and may be an essential aid to guide the
choice of therapy in patients with FL to provide optimal disease
control, optimal failure-free survival, and quality of life. The
actual impact on patient care should be evaluated in prospective
clinical trials.

Acknowledgments

The authors would like to acknowledge Koos van der Hoeven, Gert Jan
Timmers, Gustaaf van Imhoff, John Raemackers, Renee Barge, Wilma
Smit, Charlotte van Iperen, Harmen van Kamp, Gerhard Woolthuis,



BLOOD, 1 JANUARY 2005 « VOLUME 105, NUMBER 1

Rutger Jan Vermeer, Jose Zijlstra, the pathologists of the Boven 1J
Hospital, Amsterdam and Zuiderzee Hospital, Lelystad for providing
samples and clinical data; Tony van de Velde and Els Willemse for
managing medical records data; Mike Heimerix, Marcel Daemen, and

References

1.

10.

1.

12.

GENE EXPRESSION PROFILING IN FOLLICULAR LYMPHOMA

307

Arenda Schuurman, Niels Bakx for preparation of the microarray slides;
and Guus Hart, Ed Schuuring, Petra Nederlof, Bas Kreike, Britta
Weigelt, Huib Storm, Ed Roos, Jacques Neefjes, and Erwin van
Montfort for helpful suggestions and stimulating discussions.

Horning SJ, Rosenberg SA. The natural history of
initially untreated low-grade non-Hodgkin’s lym-
phomas. N Engl J Med. 1984;311:1471-1475.

Acker B, Hoppe RT, Colby TV, et al. Histologic
conversion in the non-Hodgkin’s lymphomas.
J Clin Oncol. 1983;1:11-16.

Bastion Y, Sebban C, Berger F, et al. Incidence,
predictive factors, and outcome of lymphoma
transformation in follicular lymphoma patients.
J Clin Oncol. 1997;15:1587-1594.

Nathwani BN, Harris NL, Weisenburger D, et al.
Follicular lymphoma. In: Jaffe ES, Harris NL,
Stein H, Vardiman JW, eds. Pathology and Ge-
netics of Tumours of Haematopoietic and Lym-
phoid Tissues. Lyon, France: IARC Press; 2001:
162-167.

A clinical evaluation of the International Lym-
phoma Study Group classification of non-
Hodgkin’s lymphoma. The Non-Hodgkin’s Lym-
phoma Classification Project. Blood. 1997;89:
3909-3918.

The International Non-Hodgkin’s Lymphoma
Prognostic Factors Project. A predictive model for
aggressive non-Hodgkin’s lymphoma. N Engl

J Med. 1993;329:987-994.

Hermans J, Krol AD, van Groningen K, et al. In-
ternational Prognostic Index for aggressive non-
Hodgkin’s lymphoma is valid for all malignancy
grades. Blood. 1995;86:1460-1463.

Federico M, Vitolo U, Zinzani PL, et al. Prognosis
of follicular lymphoma: a predictive model based
on a retrospective analysis of 987 cases. Inter-
gruppo ltaliano Linfomi. Blood. 2000;95:783-789.

Solal-Celigny P, Roy P. Follicular Lymphoma In-
ternational Prognostic Project (FLIPP). Ann On-
col. 2002;13:. Abstract 54.

Decaudin D, Lepage E, Brousse N, et al. Low-
grade stage IlI-1V follicular lymphoma: multivari-
ate analysis of prognostic factors in 484 pa-
tients—a study of the groupe d’Etude des
lymphomes de I’Adulte. J Clin Oncol. 1999;17:
2499-2505.

Rodriguez J, McLaughlin P, Hagemeister FB, et
al. Follicular large cell ymphoma: an aggressive
lymphoma that often presents with favorable
prognostic features. Blood. 1999;93:2202-2207.
Ardeshna KM, Smith P, Norton A, et al. Long-term
effect of a watch and wait policy versus immedi-
ate systemic treatment for asymptomatic ad-

20.

21.

22.

283.

24.

vanced-stage non-Hodgkin lymphoma: a random-
ised controlled trial. Lancet. 2003;362:516-522.

. Horning SJ. Follicular lymphoma: have we made

any progress? Ann Oncol. 2000;11(suppl 1):23-
27.

. Horning SJ. Natural history of and therapy for the

indolent non-Hodgkin’s lymphomas. Semin On-
col. 1993;20:75-88.

. Yang YH, Dudoit S, Luu P, et al. Normalization for

cDNA microarray data: a robust composite
method addressing single and multiple slide sys-
tematic variation. Nucleic Acids Res. 2002;30:
el5.

. Hughes TR, Marton MJ, Jones AR, et al. Func-

tional discovery via a compendium of expression
profiles. Cell. 2000;102:109-126.

. Sturn A, Quackenbush J, Trajanoski Z. Genesis:

cluster analysis of microarray data. Bioinformat-
ics. 2002;18:207-208.

. van ‘t Veer LJ, Dai H, van de Vijver MJ, et al.

Gene expression profiling predicts clinical out-
come of breast cancer. Nature. 2002;415:530-
536.

. Simon R, Radmacher MD, Dobbin K, McShane

LM. Pitfalls in the use of DNA microarray data for
diagnostic and prognostic classification. J Natl
Cancer Inst. 2003;95:14-18.

Ambroise C, McLachlan GJ. Selection bias in
gene extraction on the basis of microarray gene-
expression data. Proc Natl Acad Sci U S A. 2002;
99:6562-6566.

Brazma A, Hingamp P, Quackenbush J, et al.
Minimum information about a microarray experi-
ment (MIAME)—toward standards for microarray
data. Nat Genet. 2001;29:365-371.

Alizadeh AA, Eisen MB, Davis RE, et al. Distinct
types of diffuse large B-cell lymphoma identified
by gene expression profiling [see comments]. Na-
ture. 2000;403:503-511.

Rosenwald A, Wright G, Chan WC, et al. The use
of molecular profiling to predict survival after che-
motherapy for diffuse large-B-cell lymphoma.

N Engl J Med. 2002;346:1937-1947.

Shipp MA, Ross KN, Tamayo P, et al. Diffuse
large B-cell lymphoma outcome prediction by
gene-expression profiling and supervised ma-
chine learning. Nat Med. 2002;8:68-74.

. Martin AR, Weisenburger DD, Chan WC, et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Prognostic value of cellular proliferation and his-
tologic grade in follicular lymphoma. Blood. 1995;
85:3671-3678.

van de Vijver MJ, He YD, van ‘t Veer LJ, etal. A
gene-expression signature as a predictor of sur-
vival in breast cancer. N Engl J Med. 2002;347:

1999-2009.

Husson H, Carideo EG, Neuberg D, et al. Gene
expression profiling of follicular lymphoma and
normal germinal center B cells using cDNA ar-
rays. Blood. 2002;99:282-289.

de Vos S, Hofmann WK, Grogan TM, et al. Gene
expression profile of serial samples of trans-
formed B-cell lymphomas. Lab Invest. 2003;83:
271-285.

Elenitoba-Johnson KS, Jenson SD, Abbott RT, et
al. Involvement of multiple signaling pathways in
follicular lymphoma transformation: p38-mitogen-
activated protein kinase as a target for therapy.
Proc Natl Acad Sci U S A. 2003;100:7259-7264.

Lossos IS, Alizadeh AA, Diehn M, et al. Transfor-
mation of follicular lymphoma to diffuse large-cell
lymphoma: alternative patterns with increased or
decreased expression of c-myc and its regulated
genes. Proc Natl Acad Sci U S A. 2002;99:8886-
8891.

Adida C, Haioun C, Gaulard P, et al. Prognostic
significance of survivin expression in diffuse large
B-cell lymphomas. Blood. 2000;96:1921-1925.

Akasaka T, Akasaka H, Ueda C, et al. Molecular
and clinical features of non-Burkitt’s, diffuse
large-cell lymphoma of B-cell type associated
with the c-MYC/immunoglobulin heavy-chain fu-
sion gene. J Clin Oncol. 2000;18:510-518.

Menssen A, Hermeking H. Characterization of the
c-MYC-regulated transcriptome by SAGE: identi-
fication and analysis of c-MYC target genes. Proc
Natl Acad Sci U S A. 2002;99:6274-6279.

Homey B, Muller A, Zlotnik A. Chemokines:
agents for the immunotherapy of cancer? Nat
Rev Immunol. 2002;2:175-184.

Mills GB, Eder A, Fang X, et al. Critical role of ly-
sophospholipids in the pathophysiology, diagno-
sis, and management of ovarian cancer. Cancer
Treat Res. 2002;107:259-283.

Cheson BD, Horning SJ, Coiffier B, et al. Report
of an International Workshop to Standardize Re-
sponse Criteria for Non-Hodgkin’s Lymphomas.

J Clin Oncol. 1999;17:1244-1253.



