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Abstract

Background—Despite advances in treatments for Hodgkin's lymphoma, about 20% of patients
still die from progressive disease. Current prognostic models predict the outcome of treatment
with imperfect accuracy, and clinically relevant biomarkers have not been established to improve
on the International Prognostic Score.

Methods—Using gene-expression profiling, we analyzed 130 frozen samples obtained from
patients with classic Hodgkin's lymphoma during diagnostic lymph-node biopsy to determine
which cellular signatures were correlated with treatment outcome. We confirmed our findings in
an independent cohort of 166 patients, using immunohistochemical analysis.

Results—Gene-expression profiling identified a gene signature of tumor-associated macrophages
that was significantly associated with primary treatment failure (P = 0.02). In an independent
cohort of patients, we found that an increased number of CD68+ macrophages was correlated with
a shortened progression-free survival (P = 0.03) and with an increased likelihood of relapse after
autologous hematopoietic stem-cell transplantation (P = 0.008), resulting in shortened disease-
specific survival (P = 0.003). In multivariate analysis, this adverse prognostic factor outperformed
the International Prognostic Score for disease-specific survival (P = 0.003 vs. P = 0.03). The
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absence of an elevated number of CD68+ cells in patients with limited-stage disease defined a
subgroup of patients with a long-term disease-specific survival of 100% with the use of current
treatment strategies.

Conclusions—An increased number of tumor-associated macrophages was strongly associated
with shortened survival in patients with classic Hodgkin's lymphoma and provides a new
biomarker for risk stratification.

Methods

Current therapies do not cure at least 20% of patients with classic Hodgkin's lymphoma, and
a similar proportion of patients are overtreated.! It remains a challenge to identify patients
whose disease will not be eradicated by standard therapies. Currently, most patients receive
at least four cycles of polychemotherapy and, if indicated, radiotherapy.? Autologous
hematopoietic stem-cell transplantation can rescue about 50% of patients in whom primary
therapy has failed.

Initial clinical decisions and risk stratification for patients with Hodgkin's lymphoma are
largely based on clinical variables that distinguish those who are at high risk from those at
standard risk. Classic Hodgkin's lymphoma, which constitutes about 95% of all cases of
Hodgkin's lymphoma and is distinguished by the presence of Reed— Sternberg cells with
characteristic features, is usually managed on the basis of Ann Arbor staging as follows:
limited disease (stages | and I1A without constitutional symptoms) or advanced disease
(stages IB and I1B with bulky disease [largest deposit, >10 cm in diameter] and stages 111
and IV either A or B [with or without constitutional symptoms]). The International
Prognostic Score (on a scale of 0 to 7, with higher scores indicating increased risk) is the
standard that is used for risk stratification of advanced-stage Hodgkin's lymphoma, but it
does not apply to limited stages, and none of the published prognostic-factor systems can
reliably identify patients in whom treatment is likely to fail. Moreover, neither the
International Prognostic Score nor its individual clinical components are suitable for
accurately predicting the outcome of autologous hematopoietic stem-cell transplantation in
patients with Hodgkin's lymphoma. For these reasons, reliable biomarkers for predicting
long-term survival at diagnosis are needed for such patients.

In Hodgkin's lymphoma, unlike most other cancers, the malignant Reed—-Sternberg cells are
outnumbered by non-neoplastic cells in the microenvironment of the tumor. The frequency
and distribution of these cellular components and Reed-Sternberg cells vary considerably
among individual patients and among subtypes of Hodgkin's lymphoma.® Several studies
have focused on the prediction of outcomes by means of markers expressed predominantly
by Reed-Sternberg cells6-9 or the microenvironment.10-13 However, most of these markers
require validation in independent cohorts.

Samples from Patients

For gene-expression profiling, we selected fresh-frozen lymph-node specimens, which had
been obtained at the time of diagnosis from 130 patients with Hodgkin's lymphoma, from
the tissue archives at the British Columbia Cancer Agency (BCCA) and the University of
Nebraska Medical Center. The criteria that we used included a primary diagnosis of classic
Hodgkin's lymphoma after central review, representative lymph-node tissue (at least 1 cm?
in tissue sections), negative status for human immunodeficiency virus infection, and first-
line treatment with ABVD chemotherapy (doxorubicin, bleomycin, vinblastine, and
dacarbazine) or an ABVD-like regimen and, if indicated, radiation therapy (including wide-
field radiation for patients with limited-stage disease).
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Primary treatment was defined as a failure if the lymphoma had progressed at any time after
the initiation of therapy; treatment success was defined as the absence of progression or
relapse. The median follow-up time for living patients in the treatment-success group was
3.9 years (range, 0.5 to 21.0). The gene-expression cohort was stratified according to
treatment outcome (failure or success) in order to analyze differences between the two
outcomes (see Fig. S1 in the Supplementary Appendix, available with the full text of this
article at NEJM.org). Advanced-stage disease was defined with the use of Ann Arbor
staging criteria.’

On the basis of the availability of formalin-fixed, paraffin-embedded diagnostic lymph-node
specimens, we also selected samples from 166 independent cases of classic Hodgkin's
lymphoma for immunohistochemical testing on a tissue microarray. To increase the
statistical power for observations linked to progression-free and disease-specific survival,
this cohort was enriched for all available cases of treatment failure that were identified
through the Centre for Lymphoid Cancer database at the BCCA. The number of cases of
treatment failure was roughly matched to the number of cases of treatment success. For the
independent cohort, we also recorded the outcome of secondary therapy delivered with
curative intent in 61 patients; these secondary therapies included autologous stem-cell
transplantation in 55 patients, CVPP chemotherapy (cyclophosphamide, vinblastine,
procarbazine, and prednisone) plus involved-field radiation in 5 patients, and GDP
chemotherapy (gemcitabine, dexamethasone, and cisplatin) plus extended-field radiation in
1 patient. In this cohort, the median follow-up time was 4.0 years (range, 0.5 to 20.8).

The study was approved by institutional review boards at the University of British
Columbia—BCCA and the University of Nebraska Medical Center. Written informed consent
was obtained from all patients in accordance with the principles of the Declaration of
Helsinki.

Gene-Expression Analysis

Total RNA was extracted from multiple (10 to 20) 20-um freshly cut tissue sections after
mechanical homogenization. Expression profiles were obtained with the use of GeneChip
Human Genome U133 Plus 2.0 arrays (Affymetrix). (Data are available at
www.ncbi.nlm.nih.gov/geo/query/acc.cgi [accession number, GSE17920].) RNA
preparation, array hybridization, and washing were performed according to routine protocol
with modifications. All 130 microarrays met homogeneous criteria for quality control (for
details on data processing and statistical analysis of array data, see the Supplementary
Appendix).

Immunohistochemical Analysis

To confirm the findings of the gene-expression analysis, we performed
immunohistochemical analysis on a tissue microarray that was constructed from duplicate
1.5-mm cores of 166 independent samples enriched for cases of treatment failure. Markers
that were used included CD3, CD20, CD30, CD68, and MMP11. Immunohistochemical
scoring ranged from 1 to 3 for CD68, from 1 to 4 for CD20, and from 0 to 3 for MMP11,
with higher scores indicating a greater proportion of positive cells (for details, see the
Supplementary Appendix). Scores were stratified as high (3 or 4) or low (1 or 2) for CD20
staining.

Predictive Models

In brief, we used the gene-expression data from the 130 patients for whom all prognostic
factors of the International Prognostic Score were recorded and constructed a
multidimensional classifier on the basis of feature selection, using sparse multinomial
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logistic regression (SMLR) and leave-one-out cross-validation.14 Our aim was to build a
robust discriminative model that was predictive of treatment failure in addition to
identifying a small set of features (genes) that could be used as the basis for separating these
data into the respective outcome groups. We determined the relative importance of variables
by means of a decision-tree-based algorithm (random forest),1° using the SMLR selected
features. The relative importance of variables was defined with the use of a standard
method, which is based on randomization of the variable values and measurement of the
resultant decline in the accuracy of the model. We measured classification accuracy using a
receiver-operating-characteristic (ROC) curve and the area under the curve (AUC).

Treatment failure was assigned as the positive class, and treatment success as the negative
class. Thus, an accurate prediction of failure was a true positive result, and an inaccurate
prediction of failure was a false positive result; an accurate prediction of success was a true
negative result, and an inaccurate prediction of success was a false negative result. (For
additional details on the predictive models, see the Supplementary Appendix.)

Statistical Analysis

Results

Group comparisons were performed by means of the chi-square test and Student's t-test. For
time-to-event analyses, we used two primary end points: progression-free survival (based on
the time from initial diagnosis to progression at any time, relapse from complete response,
or initiation of new, previously unplanned treatment) and disease-specific survival (based on
the time from initial diagnosis to death from lymphoma or its treatment, with data for
patients who died of unrelated causes censored at the time of death). Cox proportional-
hazards models and time-to-event analyses with the use of the Kaplan—Meier method were
performed with SPSS software, version 11.0. Two-sided P values of less than 0.05 were
considered to indicate statistical significance.

Gene-Expression Analysis

Unsupervised hierarchical clustering of the gene-expression results did not identify clusters
that were significantly associated with the outcome of treatment or any other reported
clinical variable (data not shown). However, using Globaltest, with which we tested all
prefiltered genes, we found a significant correlation between the gene-expression profile and
the outcome of first-line treatment (P = 0.02) (Table S1 in the Supplementary Appendix).

Table 1 shows the clinical characteristics of the gene-expression cohort. On the basis of
supervised analyses with the data set stratified according to the failure or success of primary
treatment (Fig. S1 in the Supplementary Appendix), we identified 271 differentially
expressed genes in the two outcome groups (Tables S2 and S3 in the Supplementary
Appendix). Unsupervised hierarchical clustering of all 130 expression profiles with the use
of these differentially expressed genes identified two clusters, one of which was associated
with treatment success (cluster A) and the other with both success and failure (cluster B)
(Fig. 1A). In the treatment-failure group, pathway analyses identified the functions of cell-
mediated immune response, cell-to-cell signaling and interaction, and up-regulation of
pathway genes involved in interleukin-12 signaling and production in macrophages and
apoptosis (Table S4 in the Supplementary Appendix). Down-regulated pathways in the
treatment-failure group included genes involved in CTLA4 signaling in cytotoxic T
lymphocytes and G-protein—coupled signaling.

These results prompted an investigation of the association between microenvironment gene
signatures and outcome. Using Globaltest, we performed associative testing to identify
previously described cellular and pathway gene signatures that were differentially expressed
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in the two outcome groups.16 In the treatment-failure group, there was overexpression of
gene signatures of tumor-associated macrophages (P = 0.02)17 and monocytes (P = 0.01),18
findings that are in agreement with the reported overexpression of macrophage-signaling—
associated genes according to pathway analysis (Table S1 and Fig. S2 in the Supplementary
Appendix). There was also overexpression of gene signatures for angiogenic cells (P =
0.04),19 adipocytes (P = 0.01),2% and Reed-Sternberg cells (P = 0.047)?1 and
underexpression of a signature for germinal center B cells (P = 0.01)%2 in the treatment-
failure group (Table S1 in the Supplementary Appendix). Furthermore, previously described
genes that are associated with an unfavorable outcome in Hodgkin's lymphoma,23 such as
lysozyme (LYZ) and cathepsin L1 (CTSL1), were overexpressed in the treatment-failure
group (P = 0.04).

To test the overall power of expression profiles for outcome prediction, we constructed a
classifier by means of sparse multinomial logistic regression.4 This algorithm identified 86
non-redundant annotated genes (Table S5 in the Supplementary Appendix), age, and Ann
Arbor stage by a cross-validation approach. Figure 1C shows the 30 features with the
highest discriminative power, as determined by a random-forest algorithm.1> Among the 27
individual genes with discriminative power exceeding that of the best clinical variable (age)
was MMP11 (probe set 235908_at), which was overexpressed in the treatment-failure group
(P = 0.03 after adjustment for the false discovery rate). We selected this gene for further
immunohistochemical testing, since previous studies have shown that the gene family of
matrix metallopeptidases are overexpressed in patients in whom treatment has failed?# and
that MMP11 in particular is expressed by tumor-associated macrophages.2>

We compared the three data sources for feature selection and settled on a gene-expression
profiling model for gene-expression probe sets only, a clinical model based on the
International Prognostic Score only, and a combination model including both features. This
comparison showed that the AUC value was highest for the gene-expression model, as
compared with the clinical and combination models (0.837 vs. 0.625 and 0.821,
respectively) (Fig. 1B). The differences in accuracy among the models were most prominent
at low false negative rates, with the gene-expression model and the combination model
yielding higher true negative rates than the clinical model.

Immunohistochemical Analysis

Our gene-expression study and previous studies by other investigators suggested that a
predominance of tumor-infiltrating macrophages, a lack of small B cells, and overexpression
of matrix metallopeptidases were correlated with the failure of primary treatment. For these
reasons, we selected the markers CD68 (macrophages), CD20 (B cells), and MMP11 for
immunohistochemical analysis of a tissue array containing samples from lymph-node
biopsies in 166 patients with classic Hodgkin's lymphoma (who were unrelated to the
patients in the gene-expression analysis), including 79 patients in whom treatment had failed
(Table 1). Of these markers, CD68 and CD20 antibodies are routinely used in the diagnosis
of lymphoma. The tissue microarray was also stained for CD30 (a marker for Reed—
Sternberg cells) and CD3 (a marker for T cells), but neither the number of CD30+ cells nor
the number of CD3+ cells was correlated with outcome (data not shown).

Of these immunohistochemical markers, CD68 stood out because of its significant
correlation with primary and secondary treatment outcomes (Fig. 2). Using univariate
analysis, we found a significant correlation between the number of CD68+ tumor-infiltrating
macrophages and shortened progression-free survival (P = 0.03) (Table 2). Patients with a
high number of CD68+ cells (an immunohistochemical score of 3) had a median
progression-free survival of 2.7 years, whereas during an observation period of 16.4 years,
the median survival was not reached in patients with a score of 1 (Fig. 3A). In a multivariate
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Cox regression model that included factors with respect to the International Prognostic
Score and immunohistochemical scores for CD68, CD20, and MMP11, CD68 was not an
independent factor for an association with progression-free survival. In contrast, an
increased number of CD68+ macrophages correlated with disease-specific survival in both
univariate and multivariate analysis (P = 0.003 for both comparisons) and outperformed the
International Prognostic Score (P = 0.03) (Table 2).

The 10-year disease-specific survival rate was significantly lower among patients with a
CD68 immunohistochemical score of 3 (59.6%) than among those with a score of 2 (67.4%)
or 1 (88.6%) (P = 0.003 for all comparisons) (Fig. 3B). The number of tumor-infiltrating
macrophages was also correlated with the outcome after secondary treatment. Secondary
treatment that was administered with curative intent failed in only 12.5% of patients with a
CD68 immunohistochemical score of 1, as compared with failure in 51.7% of those with a
score of 2 and in 62.5% of those with a score of 3 (P = 0.009 for all comparisons). In
particular, there was a significant correlation between the failure of autologous
hematopoietic stem-cell transplantation and a CD68 score of more than 1 (P = 0.008). A
high-risk International Prognostic Score (>3)* was not significantly associated with the
number of CD68+ macrophages in diagnostic biopsy samples (8.7% for a score of 1, as
compared with 18.1% for a score of 2 and 22.9% for a score of 3; P = 0.17 for all
comparisons). When the analysis was restricted to limited-stage disease, a CD68 score of 1
was associated with a long-term disease-specific survival rate of 100% (P = 0.04) (Fig. 3C).

In agreement with the findings of the gene-expression study, MMP11 immunohistochemical
staining showed a significant correlation with progression-free survival in both univariate
analysis (P = 0.008) and multivariate analysis (P = 0.009), although not with disease-specific
survival (Table 2). Among the cells with positive staining were Reed—Sternberg cells,
macrophages, and endothelial cells (data not shown).

Using univariate analysis, we also found that an increased number of CD20+ small B cells
(immunohistochemical score, >2) was significantly associated with prolonged progression-
free survival (P = 0.02) and disease-specific survival (P = 0.02) (Table 2). However, the
number of CD20+ small B cells was not an independent predictor of survival and was
strongly correlated with advanced-stage disease (P = 0.002). Neither the number of CD20+
Reed-Sternberg cells nor the presence or absence of primary or secondary lymphoid
follicles was associated with the outcome.

Discussion

We found that the overexpression of a macrophage signature in expression-profile studies of
diagnostic lymph-node specimens obtained from patients with classic Hodgkin's lymphoma
was associated with the failure of primary treatment. Using immunohistochemical analysis,
we also found that an increased number of CD68+ cells (a marker of benign macrophages)
in the diagnostic sample was associated with a poorer outcome in an independent set of
samples from 166 patients. Multivariate analysis revealed that the number of CD68+ cells
was also associated with the outcome of secondary treatment, independently of the
International Prognostic Score.

Three previous studies that have used expression profiles of the microenvironment in
Hodgkin's lymphoma have been reported.23:24:26 Of these, one identified a gene signature of
macrophages but did not show the clinical value of tumor-associated macrophages assessed
by means of a common immunohistochemical marker.23 The association between the
number of macrophages and treatment outcome has also been studied in other B-cell
cancers.19:27.28 Differences in survival among patients with various lymphoma subtypes,

N Engl J Med. Author manuscript; available in PMC 2010 September 11.
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which are linked to macrophage content, might be explained by the variable presence of
macrophages with M1 or M2 differentiation in biopsy samples, indicating distinct biologic
features of the tumors.29 However, in these lymphoma subtypes, including Hodgkin's
lymphoma, the functional link between macrophage numbers and the contribution of these
cells to the treatment outcome remains unclear.23:30 Qur gene-expression classifier for the
outcome of primary treatment outcome revealed MMP11, a gene that has been found by
other investigators to be expressed in tumor-associated macrophages involved in remodeling
of apoptotic lymphatic tissue.2> Using immunohistochemical analysis, we were able to
confirm the correlation between the number of MMP11+ cells and progression-free survival
in an independent cohort of patients. However, MMP11 stained many different cell types,
including macrophages, and thus did not allow us to identify the particular cells that were
responsible for the production of the protein.

Our findings also validate the recent report of a correlation between an increased number of
small B cells and a favorable outcome.2® The recently described correlation between the
number of CD20-positive B cells and survival in patients with classic Hodgkin's
lymphoma3! needs to be reassessed in the context of clinical studies showing successful
treatment with the addition of rituximab to standard chemotherapy.32:33

We report the clinical value of a single marker, CDG68, in the identification of tumor-
associated macrophages by immunohistochemical analysis, an analytic method that can be
easily incorporated into a routine diagnostic approach. The use of such markers in
combination with well-established clinical risk factors could improve on the predictive value
of a single biomarker used alone.

We focused on tumor-associated macrophages because of the strong signal from the gene-
expression data and the recently renewed interest in these non-neoplastic cells as major
contributors to the biologic features of lymphoma and outcome prediction.1® The value of
assessing the number of tumor-associated macrophages as a biomarker is highlighted by the
association between these cells and the outcome after secondary therapy with autologous
stem-cell transplantation, a widely used treatment option. Accurate prediction of the
outcome after secondary treatments with curative intent would provide better risk
stratification for these therapeutic options. Clinical predictors of the outcome after
autologous stem-cell transplantation have been of limited value.3* In addition, our finding
that in the tissue-microarray cohort, none of the patients with limited-stage disease and a low
number of macrophages died is encouraging, since the applicability of the International
Prognostic Score is restricted to advanced-stage disease. Thus, the CD68+ macrophage
content represents a biomarker with clinical applicability in all stages of classic Hodgkin's
lymphoma, both at the time of diagnosis and at the time of relapse.

In summary, our study showed the value of enumerating CD68+ macrophages in diagnostic
lymph-node samples for prediction of the outcome after primary treatment and secondary
treatment (in particular, autologous stem-cell transplantation). The absence of an increased
number of CD68+ cells in patients with limited-stage disease defines a subgroup of patients
for whom the rate of long-term disease-specific survival is 100% with the use of available
treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hierarchical Clustering of Gene-Expression Profiles in Hodgkin's Lymphoma, True
and False Positive and Negative Rates for Three Models of Outcome Prediction, and the
Importance of Individual Genes for Outcome Prediction
Panel A shows hierarchical clustering of 130 gene-expression profiles for patients with
classic Hodgkin's lymphoma. Cluster A has been enriched with primary treatment successes,
and Cluster B with both primary treatment successes and failures. Immediately below the
cluster bars, the first multicolored bar indicates sex (red for male and black for female), the
second bar indicates stage (yellow for limited disease and gray for advanced disease), the
third bar indicates the type of treatment failure (green for no treatment failure, purple for
refractory, dark blue for early relapse, and light blue for late relapse), and the fourth bar
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indicates the primary treatment outcome (black for failure and red for success). (For details,
see Tables S2 and S3 in the Supplementary Appendix, available with the full text of this
article at NEJM.org.) Panel B shows plots of true positive and false positive rates and true
negative and false negative rates (receiver-operating-characteristic curves) for three models
that were used for feature selection: gene-expression profiling (GEP), a model based on the
International Prognostic Score (IPS) for clinical variables, and a model combining these two
features. This comparison showed that the value for the area under the curve was highest for
the GEP model, as compared with the clinical and combined models (0.837 vs. 0.625 and
0.821, respectively). For comparison with the established IPS, red asterisks indicate an IPS
of more than 3, as calculated with the use of IPS thresholds.* Panel C shows the relative
importance of individual genes for outcome prediction. Relative importance is shown for 30
annotated probe sets (selected with the use of sparse multinomial logistic regression) that
were more influential than Ann Arbor staging. Among the 27 individual genes exceeding the
importance of the best clinical variable, age (shown in red), was MMP11.
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Figure 2. Representative Immunohistochemical Analyses for CD68 in Lymph-Node Biopsy
Samples from Two Patients
Panel A shows a sample obtained from a patient in the treatment-success group, with few

CD68+ macrophages, and Panel B shows a sample from a patient in the treatment-failure
group, with many CD68+ macrophages. Both patients had the nodular sclerosis subtype of

Hodgkin's lymphoma.
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Figure 3. Survival in a VValidation Cohort of 166 Patients, According to the Number of
Infiltrating CD68+ Macrophages in Pretreatment Lymph-Node Biopsy Specimens

Page 13

The graphs show progression-free survival in all patients (Panel A) and disease-specific
survival in all patients (Panel B) and in 41 patients with limited-stage disease (Panel C).
According to the immunohistochemical scoring system that was used, a score of 1 indicates
less than 5% CD68+ cells, a score of 2 indicates 5 to 25%, and a score of 3 indicates more
than 25%. Clinically relevant biomarkers for predicting the outcome of treatment in patients

with Hodgkin's disease have not been established. In this study, gene profiling and

immunohistochemical analysis were used to find such a marker. A strong association was
found between a poor outcome of treatment and an increased number of CD68+ cells in the
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microenvironment of Reed-Sternberg cells. CD68, a marker of macrophages, outperformed

the conventional International Prognostic Score and can be immunohistochemically stained
in diagnostic samples of Hodgkin's lymphoma.
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