
Hypoxia-Inducible Factor-1 � Expression Predicts Superior
Survival in Patients With Diffuse Large B-Cell Lymphoma
Treated With R-CHOP
Andrew M. Evens, Laurie H. Sehn, Pedro Farinha, Beverly P. Nelson, Adekunle Raji, Yi Lu, Adam Brakman,
Vamsi Parimi, Jane N. Winter, Paul T. Schumacker, Randy D. Gascoyne, and Leo I. Gordon

From the Division of Hematology/On-
cology, Department of Medicine,
Department of Pathology, and Depart-
ment of Pediatrics, Feinberg School of
Medicine, and The Robert H. Lurie
Comprehensive Cancer Center, North-
western University, Chicago, IL; and
Department of Medical Oncology and
Department of Pathology, British
Columbia Cancer Agency, Vancouver,
British Columbia, Canada.

Submitted May 31, 2009; accepted
October 16, 2009; published online
ahead of print at www.jco.org on
January 4, 2010.

Supported in part by National Cancer
Institute Grants No. K23 CA109613-A1
(A.M.E.); the National Cancer Institute
of Canada, Terry Fox Program Project
Grant No. 016003 (R.D.G.).

Terms in blue are defined in the glos-
sary, found at the end of this article
and online at www.jco.org.

Authors’ disclosures of potential con-
flicts of interest and author contribu-
tions are found at the end of this
article.

Corresponding author: Andrew M.
Evens, DO, MS, Division of Hematology/
Oncology, 676 N St Clair St, Suite 850,
Chicago, IL 60611; e-mail: a-evens@
northwestern.edu.

© 2010 by American Society of Clinical
Oncology

0732-183X/10/2806-1017/$20.00

DOI: 10.1200/JCO.2009.24.1893

A B S T R A C T

Purpose
Hypoxia-inducible factor (HIF) controls the expression of genes in response to hypoxia, as well as
a wide range of other cellular processes. We previously showed constitutive stabilization of HIF-1�
in the majority of patients with diffuse large B-cell lymphoma (DLBCL). To our knowledge, the
prognostic significance of HIF in lymphoma has never been investigated.

Patients and Methods
We studied the immunohistochemical protein expression of HIF-1� on tissue microarrays from
153 patients with DLBCL treated in sequential cohorts with cyclophosphamide, doxorubicin,
oncovin, and prednisone (CHOP) or rituximab-CHOP (R-CHOP) from 1999 to 2002. Results were
correlated with patient outcome.

Results
Median follow-up for all patients was 80 months. Among all patients, HIF-1� was expressed in
62% of germinal center and 59% of non–germinal center patients. With HIF-1� analyzed as a
dependent variable, there were no survival differences in CHOP-treated patients. In the R-CHOP
group, however, HIF-1� protein expression correlated with significantly improved progression-free
survival (PFS) and overall survival (OS). Five-year PFS for HIF-1�–positive patients was 71% v 43%
for HIF-1�–negative patients (P � .0187), whereas 5-year OS was 75% and 54%, respectively
(P � .025). In multivariate analysis with International Prognostic Index criteria, HIF-1� remained a
significant predictor for PFS (P � .026) and OS (P � .043). Compared with other biomarkers,
HIF-1� correlated only with BCL6 (P � .004). In terms of gene expression, we found several
common gene associations of HIF-1� and the stromal-1 signature with genes predominantly
involved in regulation of the extracellular matrix (eg, BGN, COL1A2, COL5A1, and PLOD2).

Conclusion
The expression of HIF-1� protein is an important independent favorable prognostic factor for
survival in patients with DLBCL treated with R-CHOP.

J Clin Oncol 28:1017-1024. © 2010 by American Society of Clinical Oncology

INTRODUCTION

Hypoxia-inducible factor (HIF) is a master regula-
tor of gene transcription, as it controls the expres-
sion of more than 200 genes in response to cellular
hypoxia.1-3 The genes regulated by HIF affect a
wide range of cellular processes including glucose
transport, cell metabolism, angiogenesis, erythro-
poiesis, vascular tone, cell proliferation, apopto-
sis, and extracellular matrix. Clinically, elevated
HIF-1� protein has been correlated with poor
prognosis in most solid tumor studies.4 However,
relatively little is known about the role of HIF in
lymphoma. We previously reported that there is
constitutive stabilization of HIF-1� and HIF-2�

in many non-Hodgkin’s lymphoma cell lines, as
well as among a significant fraction of patients
with diffuse large B-cell lymphoma (DLBCL) and
follicular lymphoma (FL),5 implicating a poten-
tial role of dysregulated HIF activation in non-
Hodgkin’s lymphoma.

DLBCL is curable with multiagent anthracycline-
containing chemotherapy.6,7 Addition of rituximab
to cyclophosphamide, doxorubicin, oncovin, and
prednisone (R-CHOP) represented a significant
clinical advance in the treatment of DLBCL.8,9 Sev-
eral biologic factors have been examined in DLBCL,
including TP53, FOXP1, BCL2, BCL6, and LMO2,
in an effort to better understand lymphomagenesis
and to potentially identify patients who might
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benefit from particular treatment approaches.10-14 To our knowl-
edge, the prognostic significance of HIF has never been evaluated
in non-Hodgkin’s lymphoma. We examined whether HIF-1� protein
expression, as assessed among 153 patients with DLBCL treated with
anthracycline-based chemotherapy with and without rituximab
(CHOP and R-CHOP), can predict outcome.

PATIENTS AND METHODS

Patient Selection

We retrospectively examined 153 patients who were treated with
anthracycline-based chemotherapy in sequential cohorts from 1999 through
2002 (prerituximab [n � 75] and postrituximab era [n � 78]). All patients
were treated through the British Columbia Cancer Agency (BCCA). Treat-
ment was according to BCCA guidelines that instituted R-CHOP as the stan-
dard therapy for DLBCL as of March 1, 2001 (standard therapy before 2001
was CHOP), as previously described.15 Characteristics of all patients, based on
HIF status, are shown in Table 1. The median follow-up for all living patients
was 80 months (range, 7 to 106 months), with CHOP median follow-up of 95
months (range, 51 to 106 months) and R-CHOP median follow-up of 75
months (range, 7 to 90 months).

Tissue Microarray and Immunohistochemistry

Standard methods were used for tissue fixation (10% buffered formalin)
and tissue processing. Tissue sections of 4 to 5 �m were cut from tissue
microarrays (TMAs) and placed on glass slides. The TMAs consisted of dupli-
cate 0.6-mm cores for all 153 patients. TMAs were shipped from the BCCA to
Northwestern University. All TMAs were stained and scored without knowl-
edge of treatment characteristics or patient outcome. Sections were deparaf-
finized, dehydrated, and stained with monoclonal antibody (anti–HIF-1�
dilution 1:10,0000 Novus NB100-105; Novus Biologicals, Littleton, CO).
HIF-1� expression was assessed with semiquantitative immunohistochemical
analysis. Nuclear expression of HIF-1� within DLBCL malignant large cells

was assessed and scored. Bright-field microscopy imaging coupled with ad-
vanced color detection software was used (Automated Cellular Imaging Sys-
tem; ChromaVision Medical Systems, San Juan Capistrano, CA)16-18 to detect
and count stained cellular objects. The TMA was read according to the given
sector map. Each core was scored individually, and the results were presented
as the mean of three replicate core samples. TMA scoring was supervised and
validated by pathology review. HIF-1� was dichotomized as either negative
(no nuclear staining) or positive (any nuclear staining). The other immunos-
tains (BCL-6, BCL2, CD10, MUM-1, and FOXP1) were determined by the
methods described by Hans et al.19

Statistical Analysis

Progression-free survival (PFS) was defined as the interval between the
date of initial diagnosis and the date of disease progression or death from
lymphoma or treatment toxicity. Overall survival (OS) was defined as the time
interval between the date of diagnoses and the date of death from any cause or
last follow-up. Survival analyses were performed using Kaplan-Meier curves,20

which were compared using log-rank testing.21 Univariate analysis and mul-
tivariate regression according to the Cox proportional hazards regression
model22 were used (for International Prognostic Index [IPI] and HIF-1�).

RESULTS

HIF Expression

To ensure reproducibility between treatment groups, we assessed
HIF-1� expression according to the two treatment eras of CHOP and
R-CHOP. HIF-1� was expressed in 63% (49 of 78) of patients treated
with R-CHOP compared with 59% (44 of 75) treated with CHOP
(P � not significant). Figures 1A and 1B, respectively, show represen-
tative examples of increased HIF-1� protein expression (positive) and
no evidence of HIF-1� expression (negative). Of patients who had
increased HIF-1� protein expression (93 of 153), 87% (81 of 93) had
moderate to high (� 10% malignant cells) HIF-1� staining.

Patients

Sixty-four percent (98 of 153) of all patients had advanced-stage
disease, whereas 50% had an IPI score of � 3 (Table 1). HIF-1�–
negative patients were older and had a higher incidence of stage III/IV
disease compared with HIF-1�–positive patients (P � .22), whereas
HIF-1�–positive patients had a slightly higher incidence of elevated
lactate dehydrogenase, worse performance status, and increased fre-
quency of at least two extranodal sites compared with the HIF-1�–
negative group, although these differences were not statistically
significant. We also determined HIF-1� expression status according
to cell of origin, on the basis of the Hans algorithm.19 Among all
patients (n � 153), HIF-1� was expressed in 62% of germinal center
(GC) patients and 59% of non-GC patients (P � not significant).

HIF-1� Expression and Outcome

The relationship of HIF-1� protein expression with clinical out-
come was examined. When HIF-1� protein was analyzed as a depen-
dent variable (positive v negative) among all patients, there was a trend
toward improved survival for HIF-1�–positive patients, as shown in
Figures 2A and 2B (P � .158 and P � .096, respectively). When
analyzed according to treatment group, there was no difference noted
in PFS or OS among patients who received CHOP (Figs 2C and 2D).
In the R-CHOP cohort of patients (Figs 2E and 2F), however, the
5-year PFS was 43% for HIF-1�–negative patients compared with
72% for HIF-1�–positive patients (log-rank P � .019), whereas the
5-year OS was 54% for HIF-1�–negative patients compared with 75%

Table 1. Patient Demographic and Clinical Characteristics

HIF-1�
Positive
(n � 93)

HIF-1�
Negative
(n � 60)

Characteristic No. % No. % P

Age
Median 59 65 .163
Mean 59 62
Range 20-85 22-85

Stage
I-II 37 39 18 30 .218
III-IV 56 61 42 70

ECOG PS
0-1 58 62 40 67 .588
� 2 35 38 20 33

LDH
Normal 36 39 25 42 .715
Elevated 57 61 35 58

Extranodal sites
0-1 65 67 44 73 .646
� 2 28 33 16 27

IPI score
0-2 48 52 29 48 .692
3-5 45 48 31 52

Abbreviations: HIF, hypoxia-inducible factor; ECOG, Eastern Cooperative
Oncology Group; PS, performance status; LDH, lactate dehydrogenase; IPI,
International Prognostic Index.
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for HIF-1�–positive patients (log-rank P � .025). We examined other
cutoffs of HIF-1� protein expression with different percentages of
HIF-1� staining (eg, � 10% v � 10%); no other HIF-1� expression
level was more significant than using the dichotomization of any
HIF-1� expression versus no HIF-1� expression (data not shown).

We subsequently analyzed survival according to induction ther-
apy for HIF-1�–positive and HIF-1�–negative patients. For HIF-1�–
negative patients, the 5-year PFS and OS did not appear to be
significantly influenced by treatment (Figs 3A and 3B). Conversely,
among patients with DLBCL who expressed HIF-1� protein, the
outcomes were significantly improved with R-CHOP. As shown in
Figures 3C and 3D, the 5-year PFS was 72% for R-CHOP versus 41%
for CHOP (log-rank P � .001), whereas the 5-year OS was 77% for
R-CHOP versus 48% for CHOP (log-rank P � .003).

Using multivariate Cox regression analysis, we analyzed IPI and
HIF-1� protein as dependent variables for correlation with PFS and
OS among patients who received R-CHOP, with HIF dichotomized as

positive versus negative and IPI as high (3 to 5) versus low (0 to 2), as
shown in Table 2. In multivariate analysis, HIF-1� expression re-
mained a significant independent factor predicting for improved PFS
(P � .026) and OS (P � .043), whereas the IPI was significant for PFS
and of borderline significance for OS. In terms of outcomes by HIF-1�
based on cell of origin, the improvement in survival for HIF-1�–
positive patients (v HIF-1�–negative patients) was seen primarily in
non-GC (n � 77; OS P � .0015) compared with GC DLBCL (n � 61;
OS P � .547). Furthermore, the improvement in survival among
patients with HIF-1�–positive non-GC DLBCL (v HIF-1� negative)
was more evident among R-CHOP–treated patients (OS P � .0027)
than CHOP-treated patients (OS P � .117).

HIF-1� Compared With Other Biomarkers

Among patients who received R-CHOP, we examined whether
HIF-1� correlated with expression of other DLBCL prognostic mark-
ers. As shown in Table 3, HIF-1� did not correlate with BCL2, CD10,

A

B

Fig 1. HIF-1� protein expression. Repre-
sentative immunohistochemistry cases from
the tissue microarray of increased HIF-1�
protein expression (A) and a representative
case with no evidence of HIF-1� protein
expression (B); both cases shown at �10
and �40 magnification.

HIF-1� in Diffuse Large B-Cell Lymphoma With R-CHOP
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Fig 2. Progression-free survival (PFS) and overall survival (OS) for all patients according to HIF-1� protein expression. Kaplan-Meier curves of (A) PFS and (B) OS in
153 patients with diffuse large B-cell lymphoma (DLBCL) showed a trend for prolonged OS (P � .096) with HIF-1� protein expression. Kaplan-Meier curves of (C) PFS
and (D) OS in the 75 patients with DLBCL treated with cyclophosphamide, doxorubicin, oncovin, and prednisone (CHOP) grouped on the basis of HIF-1� protein
expression showed no correlation with HIF-1� protein expression. Kaplan-Meier curves of (E) PFS and (F) OS in 78 patients with DLBCL grouped on the basis of HIF
show that HIF-1� protein expression correlates with longer PFS (P � .019) and OS (P � .026).
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MUM-1, or FOXP1, whereas a correlation was detected between
BCL6 protein (by the Hans method).19 Among HIF-1�–positive R-
CHOP–treated patients, 94% (45 of 48) were BCL6 positive (P �
.004), although among HIF-1�–negative patients, 66% (19/29) were
also BCL6 positive. Among the CHOP-treated patient group (n�75),

BCL6 protein expression was associated with a superior PFS
(P � .007) and OS (P � .009), whereas among the R-CHOP group
(n � 78), there were no survival differences noted on the basis of
BCL6 expression.

Correlation With Gene Expression

We performed a survey of the gene signature that defines a list of
HIF-1� target genes.23 Increased HIF-1� gene expression was associ-
ated with expression of BGN (biglycan), C8ORF4 (chromosome 8
open reading frame 4), COL1A2 (collagen, type I, � 2), COL5A1
(collagen, type V, � 1), HTRA1 (HtrA serine peptidase 1), LOX (lysyl
oxidase), MAFF (v-maf musculoaponeurotic fibrosarcoma onco-
gene homolog F), PLOD2 (procollagen-lysine, 2-oxoglutarate
5-dioxygenase 2), and VEGFC.23 Interestingly, each of these genes are
part of the favorable stromal-1 gene signature as defined by Lenz et al.24

DISCUSSION

We found that HIF-1� is an important and previously undiscovered
independent favorable prognostic factor for PFS and OS in patients
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Fig 3. Progression-free survival (PFS) and overall survival (OS) according to induction therapy. Kaplan-Meier curves of (A) PFS and (B) OS in 60 patients with diffuse
large B-cell lymphoma (DLBCL) with HIF-1�–negative status grouped on the basis of treatment received (cyclophosphamide, doxorubicin, oncovin, and prednisone
[CHOP] v rituximab and CHOP [R-CHOP]). Kaplan-Meier curves of (C) PFS and (D) OS in 93 patients with DLBCL with HIF-1� protein expression grouped on the basis
of treatment show that R-CHOP was associated highly increased PFS (P � .001) and OS (P � .003) compared with CHOP.

Table 2. Multivariate Analysis of IPI and HIF-1� Protein Expression With
PFS and OS in Patients With DLBCL Treated With R-CHOP

Progression-Free Survival Overall Survival

Variable HR� 95% CI P HR� 95% CI P

IPI 3-5 2.41 1.17 to 4.99 .018 2.21 0.99 to 4.89 .051
HIF1�-positive

expression 0.45 0.22 to 0.91 .026 0.45 0.21 to 0.98 .043

Abbreviations: IPI, International Prognostic Index; HIF, hypoxia-inducible
factor; PFS, progression-free survival; OS, overall survival; DLBCL, diffuse
large B-cell lymphoma; R-CHOP, rituximab with cyclophosphamide, doxorubi-
cin, oncovin, and prednisone; HR, hazard ratio.

�HR greater than 1 indicates a factor with poor prognosis, whereas a ratio of
1 or less indicates a factor with good prognosis.
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with DLBCL treated with R-CHOP. To our knowledge, this is the first
report to examine the prognostic significance of HIF-1� in lym-
phoma. Although HIF is not an oncogene, a large amount of evidence
has accumulated linking HIF-1� regulation with cancer pathogene-
sis.1,2,4,25,26 HIF is a dimer comprised of an � (HIF-�) and a � subunit
(also known as ARNT).25 Under hypoxic conditions, its degradation is
inhibited, allowing HIF-� to accumulate, dimerize with HIF-�, and
translocate to the nucleus and activate transcription of HIF-1� target
genes. Under normoxic conditions, minimal HIF-� protein is de-
tected. Degradation of HIF-� in normoxia is initiated by the hydroxy-
lation of two proline residues by prolyl hydroxylases.27,28 Proline
hydroxylation permits interaction with von Hippel Lindau protein,
thereby committing it to proteasome degradation.29 It should be
noted that other factors, in addition to hypoxia, are able to indepen-
dently increase the transcription or translation of HIF-1�. These include
phosphatidylinositide 3-kinase-AKT-mammalian target of rapamycin,
RAS-mitogen-activated protein kinase-kinase-extracellular signal regu-
lated kinase, and erbB2 families.30-32

HIF-1� and HIF-2� represent the major isoforms regulated by
hypoxia.33 Some overlap exists with respect to the genes they control,
although the targets are not identical; HIF-1� has been more clearly
described. We previously reported abnormal constitutive stabilization
of HIF-1� and HIF-2� in Raji, Namwala, Ramos, SUDHL4, HF1, and
Daudi NHL cell lines, and we demonstrated that HIF-1� was upregu-
lated in lymph node biopsies obtained from patients with DLBCL and
FL.5 We found that HIF-1� was more frequently expressed in DLBCL
versus FL (65% v 47%, respectively; P � .05). Furthermore, the fre-
quency of moderate to high HIF-1� expression was higher in DLBCL
compared with FL (ie, � 10% HIF-1� expression: 54% v 20%, respec-
tively; P � .04).5 Giatromanolaki et al34recently confirmed the up-
regulation of HIF-1� in DLBCL, and they showed that normal lymph
nodes had no detectable HIF-1�, HIF-2�, vascular endothelial growth
factor (VEGF), or phosphorylated VEGF receptor-2 (pVEGFR-2/
KDR) expression (0 of 42). They found HIF-1� protein expression
(nuclear) in 53% of patients with DLBCL versus 39% of those with FL.

The majority of reports examining the relationship of HIF in
solid tumors have found increased HIF-1� protein to be associated
with an increased risk of metastasis and/or inferior survival,4,35 al-
though the correlation of HIF-1� with improved outcome is not
unprecedented. Two reports in epithelial tumors (renal cell and head/
neck cancer), showed that increased HIF-1� protein expression cor-
related with improved survival.36,37 Although HIF is known to
regulate genes that contribute to the growth of tumors, the overall
balance of the effect of HIF may depend on the specific malignant
phenotype and particular treatment modality. A recent report by
Gratzinger et al38 showed that high VEGF and VEGFR-1 protein
expression in DLBCL was associated with significantly improved PFS
and OS. Gratzinger et al did not examine HIF, but the report by
Giatromanolaki et al34 found a high concordance between increased
tumor cell expression of HIF-1� protein with VEGF (P � .0005) and
pVEGFR-2/KDR tumor cell expression (P � .0001).

We found in the present study that patients with DLBCL treated
with R-CHOP had superior outcome if HIF-1� was expressed. This
HIF-based survival difference was not apparent in CHOP-treated
patients. The reason for this is not clear, but there are several possible
explanations. We know that HIF-1� expression is regulated by reac-
tive oxygen species (ROS). Gao et al39 recently found that treatment of
mice bearing a MYC-inducible lymphoma with the antioxidant
N-acetyl-L-cysteine resulted in inhibition of HIF-1� expression and
inhibition of tumor growth. Similarly, Gupta et al40 showed that ROS
increased CD20 expression in the Burkitt lymphoma cell lines, Daudi
and Raji. Taken together, these data suggest that HIF-1� and CD20
expression are both regulated by ROS and that the HIF-1� expression
in our current study may reflect an increase in CD20 expression,
making those patients more likely to respond to a rituximab-
containing regimen. We recently reported that density of CD20 ex-
pression correlates with outcome in R-CHOP–treated patients with
DLBCL.41 Alternatively, there may be unappreciated interactions be-
tween rituximab and downstream targets of HIF-1�. Rituximab may
interact with other oncogenic pathways that are known to stimulate
HIF transcription or translation, as discussed before. A further expla-
nation for inferior survival with HIF-negative DLBCL tumor cells may
also be found in the data reported by Ginouves et al,42 in which
chronic cellular hypoxia led to over-activation of prolyl hydroxylase,
with associated HIF desensitization and subsequent degradation of
HIF-1� protein as a mechanism of cell survival.

The results here also need to be reconciled with the study by Lenz
et al,24 in which gene expression profiling of R-CHOP–treated DLBCL
patients discovered two new signatures of the nonmalignant sur-
rounding cells, termed stromal-1 and stromal-2. The unfavorable
stromal-2 signature was associated with several angiogenic genes in-
cluding von Willebrand factor and CD31 (PECAM1). Furthermore,
cases with stromal-2 signature were associated with increased lymph
node microvessel density (MVD). Gratzinger et al38 showed that in-
creased MVD correlated with poor outcome in DLBCL, whereas
among the same samples, increased cell expression of VEGF was
associated with improved survival, suggesting an inverse relationship
between tumor cell VEGF expression and MVD. It is important to
note that the associations and interactions between the microenviron-
ment and expression of cellular DLBCL HIF-1� are not known. In a
survey of HIF-1� target genes,23 we found overlap with several of the
genes included in the stromal-1 signature defined by Lenz et al.24

Several of the common gene associations are involved in regulation of

Table 3. Comparison of HIF-1� Protein Expression With Other Biomarkers
in R-CHOP-Treated Patients (n � 78)

Biomarker

HIF-1� Expression

P †Positive Negative

BCL2�

Positive 32 21 .54
Negative 16 8

CD10
Positive 18 12 .81
Negative 31 17

MUM-1�

Positive 34 16 .24
Negative 15 12

BCL6�

Positive 45 19 .004
Negative 3 10

FOXP1
Positive 14 10 .59
Negative 35 19

Abbreviations: HIF, hypoxia-inducible factor; R-CHOP, rituximab with cyclo-
phosphamide, doxorubicin, oncovin, and prednisone.

�One sample in each group could not be scored.
†Two-sided P value.
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the extracellular matrix (eg, BGN, COL1A2, COL5A1, and PLOD2). In
addition to angiogenesis, HIF-1� regulates a wide array of genes in-
volved in cancer, including those involved in cell metabolism, cell
motility, inflammatory cell recruitment, pH regulation, and extracel-
lular matrix function.3 On the basis of consistent upregulation of
HIF-1� target genes within the stromal-1 signature, it could be hy-
pothesized that increased gene expression of HIF-1� is also associated
with a favorable survival in DLBCL treated with R-CHOP.

A correlation was detected between HIF-1� protein and Bcl-6
protein expression wherein 94% of HIF-1�–positive patients were
Bcl-6 positive, although 30% of patients who expressed Bcl-6 were
negative for HIF-1�. Carmeliet et al2 found a similar strong associa-
tion between HIF-1� and Bcl-6 in breast cancer, whereas Bos et al43

correlated Bcl-6 expression with HIF-1� and p21. Further examina-
tion of the relationship of HIF-1� with Bcl-6 and other lymphoma
biomarkers is warranted.

We conclude that expression of HIF-1� is an important and
heretofore undiscovered independent favorable prognostic factor for
PFS and OS in patients with DLBCL treated with R-CHOP, but not in
patients treated with CHOP. These data suggest there may be an
important biologic interaction between CD20 monoclonal antibody–
based therapy and HIF-1� or downstream genes regulated by HIF. It is
important to note that these findings should be validated and studied
in prospective sample sets. Furthermore, the importance of HIF-1�
gene expression in DLBCL, downstream targets of HIF, enzymes (eg,
thioredoxins) and pathways that interact with HIF, and the relation-
ship of malignant cell HIF-1� expression and the tumor microenvi-
ronment need to be studied.
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Glossary Terms

HIF (hypoxia-inducible factor): HIF is a transcriptional
factor that regulates the adaptive responses of mammalian cells to
low oxygen (hypoxia). It is composed of HIF-1�, which is up-
regulated in conditions of hypoxia, and HIF-1� (or, aryl hydro-
carbon receptor nuclear translocators), which is expressed
constitutively. Dimerization of HIF-1� with HIF-1� leads to
transcription of genes such as VEGF and PDGF.

Rituximab: A monoclonal antibody therapy that is indicated
for relapsed or refractory low-grade or follicular, CD20�, B-cell
non-Hodgkin’s lymphoma.

ROS (reactive oxygen species): Molecules like hydrogen
peroxide, hydroxyl radical, and superoxide anion are designated
ROS, which are formed as a consequence of ionizing radiation
with biologic molecules, cellular respiration (via the electron
transport chain), and a metabolic byproduct of neutrophils and

macrophages. The activity of ROS damages cellular molecules and struc-
tures. In phagocytic cells, ROS are essential to eliminate harmful agents
like bacteria. Cellular enzymes such as catalase and superoxide dis-
mutase, and antioxidants such as vitamins E and C dissipate ROS after
they are formed.

CD20: Cell surface antigen present on lymphoid B cells, it is a widely
used phenotypic marker for typing malignant lymphomas. It is involved
in B-cell activation.

Hypoxia: Oxygen concentration below normal physiological limits in
a specific tissue.

Apoptosis: Also called programmed cell death, it is a signaling
pathway that leads to cellular suicide in an organized manner. Sev-
eral factors and receptors are specific to the apoptotic pathway. The net
result is that cells shrink, develop blebs on their surface, and their DNA
undergoes fragmentation.
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