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Angiogenesis is known to play a major role in neo-

plasia, including hematolymphoid neoplasia. We as-

sessed the relationships among angiogenesis and ex-

pression of vascular endothelial growth factor and its

receptors in the context of clinically and biologically

relevant subtypes of diffuse large B-cell lymphoma

using immunohistochemical evaluation of tissue mi-

croarrays. We found that diffuse large B-cell lym-

phoma specimens showing higher local vascular en-

dothelial growth factor expression showed

correspondingly higher microvessel density, imply-

ing that lymphoma cells induce local tumor angiogen-

esis. In addition, local vascular endothelial growth

factor expression was higher in those specimens

showing higher expression of the receptors of the

growth factor, suggesting an autocrine growth-pro-

moting feedback loop. The germinal center-like and

nongerminal center-like subtypes of diffuse large B-

cell lymphoma were biologically and prognostically

distinct. Interestingly, only in the more clinically ag-

gressive nongerminal center-like subtype were mi-

crovessel densities significantly higher in specimens

showing higher vascular endothelial growth factor

expression; the same was true for the finding of

higher vascular endothelial growth factor receptor-1

expression in conjunction with higher vascular endo-

thelial growth factor expression. These differences

may have important implications for the responsive-

ness of the two diffuse large B-cell lymphoma subtypes

to anti-vascular endothelial growth factor and anti-an-

giogenic therapies. (Am J Pathol 2007, 170:1362–1369; DOI:

10.2353/ajpath.2007.060901)

Angiogenesis and the proangiogenic growth factor vas-

cular endothelial growth factor (VEGF; also known as

vascular permeability factor) have a known role in solid

neoplasia, and there is increasing evidence that they also

play a role in hematolymphoid neoplasia. Increased mi-

crovessel density has been noted in a range of hema-

tolymphoid disorders, including multiple myeloma, non-

Hodgkin lymphoma, acute and chronic leukemias of

myeloid and lymphoid lineages, and myelodysplastic dis-

orders.1 VEGF promotes angiogenesis and vascular per-

meability via its receptor VEGF receptor (VEGFR)-2 (also

known as Flk-1).2 In addition, VEGF also has a direct role

in hematolymphoid cell development; an autocrine loop

involving VEGF and its receptor VEGFR-1 (also known as

Flt-1) modulates in vivo hematopoietic stem cell survival

and proliferation.3 Cell lines derived from a variety of

hematolymphoid malignancies have been shown to ex-

press both VEGF and VEGFR-1,4 suggesting a role for a

similar autocrine loop in neoplasia.

We assessed the interaction among microvessel den-

sity and local expression of VEGF and VEGFR-1 and -2 in

diffuse large B-cell lymphoma (DLBCL). We further ex-

amined these findings in the context of clinically and

biologically relevant subtypes of DLBCL. DLBCL is both

common and aggressive, with a high mortality within the

1st year after diagnosis and 5-year overall survival of less

than 50%.5 Recently, gene expression profiling has un-

covered at least two biologically and prognostically dis-

tinct subgroups of DLBCL.6 These two subgroups are

defined by the expression of sets of genes that they have

in common with germinal center B cells (GC-like subtype)

and activated peripheral blood B cells (ABC or non-GC-

like subtype).
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Although gene expression profiling is crucial in the

research setting for identifying biologically relevant gene

products, immunohistochemical analysis has the advan-

tages of being readily available in the clinical setting and

of enabling morphological evaluation of expression pat-

terns and such higher order features as tumor vascular-

ity. We have used immunohistochemistry to assess tissue

microarrays of DLBCL for microvessel density (high-

lighted with the vascular marker CD34) and expression of

VEGF and its receptors VEGFR-1 and VEGFR-2. We re-

port the relationships among these variables both within

the group of DLBCL cases as a whole and within the

GC-like and non-GC-like subgroups individually.

Materials and Methods

Tissue Microarray Construction

A tissue microarray containing 94 DLBCL cases from the

Institute of Pathology at Aarhus University Hospital (Aar-

hus, Denmark) was used for this study. Only de novo

DLBCL cases were included. The cases were not col-

lected consecutively. No cases of primary mediastinal

DLBCL, intravascular DLBCL, T-cell or histiocyte-rich B-

cell lymphoma, or other World Health Organization-rec-

ognized special variants of DLBCL were included. Tissue

microarrays were previously constructed as described

previously7 using a tissue arrayer (Beecher Instruments,

Silver Spring, MD).8 Institutional review board approval

was obtained for these studies.

Immunohistochemistry

Immunohistochemistry for CD34 (1:10 dilution; Becton

Dickinson Biosciences, San Jose, CA), VEGFR-1 (1:50;

Lab Vision Corp., Fremont, CA), VEGFR-2 (1:400 dilution;

Santa Cruz Biotechnology, Santa Cruz, CA), and VEGF

(1:200 dilution; Santa Cruz Biotechnology) was per-

formed on 4-�m sections, which were placed on glass

slides, baked for 1 hour at 60°C, deparaffinized in xylene,

and hydrated in a graded series of alcohol. Antigen re-

trieval was as follows: mild heat retrieval for CD34, ethyl-

enediamine tetraacetic acid retrieval for VEGF, Tris re-

trieval for VEGFR-1, and Tris retrieval for VEGFR-2.

Endogenous peroxidase was blocked, and the chromo-

gen used was diaminobenzidine. Immunohistochemistry

for HGAL, BCL2, BCL6, CD10, and MUM1 (also known as

IRF4) was previously described.7 Images of the immuno-

stained tetramethylammonium slides for CD34, VEGF,

VEGFR-1, and VEGFR-2 were scanned, digitized, and

stored at http://tma.stanford.edu/tma_portal/mvd (Stan-

ford University School of Medicine, accessible as of

8/1/2006).

Scoring of Immunohistochemical Stains

Immunohistochemical stains for HGAL, BCL2, BCL6,

CD10, MUM1,VEGFR-1, VEGFR-2, and VEGF were

scored as follows based on the percentage of lymphoma

cells stained: more than 30% staining was scored strong

positive; 5 to 30% staining was scored weak positive; and

less than 5% staining was scored negative. Staining was

performed on two separate cores from each case of

DLBCL; for each of the stains listed, at least 86 were

evaluated on two duplicate cores, and at least 88 were

evaluated on a single core. Where two scores were avail-

able for cores taken from the same specimen, the higher

value was used in the analysis. For microvessel density

quantitation, where two scores were available for cores

taken from the same specimen, the average was used in

Figure 1. Vascularity in DLBCL. Examples of DLBCL illustrating low (a and d), medium (b and e), and high (c and f) vascularity (H&E, anti-CD34; magnification,
�400).
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the analysis. The core was not evaluated if diagnostic

tissue was not present or evaluation was precluded by

technical problems such as high background staining.

Scoring of immunostains was performed independently

by D.G. (a hematopathology fellow) and checked by Y.N.

(a hematopathologist), with resolution of the rare dis-

agreements by doublescoping.

Microvessel Density Counting

Microvessel densities were evaluated by counting the

number of CD34� microvessels in the entire 1.0-mm core

at �300 (�20 lens, �15 ocular) using an Olympus BX45

microscope (Center Valley, PA). A microvessel was de-

fined as any distinct CD34� cell or cell cluster, with no

requirement for a vessel lumen.9 Cores were not evalu-

ated if a portion of the core was missing or diagnostic

tissue was not present in the entire core. Of 94 DLBCL

cases, 87 had at least one core countable, and 80 had

both cores countable. Scoring was performed by D.G.

with independent spot-checking by Y.N. A subset of ran-

domized lymphoma cores were blindly rescored from

scanned images, and duplicate pairs were found to have

similar vessel counts (data not shown).

Hierarchical Cluster Analysis

A coding scheme was used to encode immunohisto-

chemical staining scores, with 0 for negative, 1 for unin-

terpretable/missing, 2 for weak, and 3 for strong staining.

For clustering and visualization, these scores were

mapped into the range (�2 to 2), with �2 for negative

(green), 1 for weak, and 2 for strong positive (red). Mi-

crovessel density was scored by counting and encoded

by setting the average count to 0 and scaling the counts

above and below average into the range (�2 to 2), visu-

alized as green for low counts and red for high counts.

Data were evaluated with nonsupervised hierarchical

clustering and were visualized as heatmaps with Tree-

view.10 Specifically, Eisen’s Cluster software11 was used

to perform nonsupervised hierarchial clustering using un-

centered Pearson correlation and average linkage. For

the clustering used to identify GC-like and non-GC-like

DLBCL specimens, the dendrogram was cut at the first

split to create the two groups, as indicated in Figure 5.

Results

Vascularity and Expression of VEGF by DLBCL

The vascularity of the lymphomas was variable: the aver-

age microvessel count from any single DLBCL core

ranged from 0 to 144 (Figure 1, a–f). A histogram highlights

the wide distribution of microvessel densities in DLBCL

(Figure 2a), with a relatively even distribution of lymphomas

over the lower half of the vascularity range and fewer very

highly vascular DLBCL. To assess how representative the

microvessel counts within 1.0-mm cores are of the overall

microvessel density of each lymphoma, the microvessel

counts for each of the pairs of cores were plotted against

one another (Figure 2b). A correlation coefficient of 0.87

was obtained, indicating a high degree of correlation be-

tween pairs of the same lymphoma cores.

The majority of lymphomas (60%) showed strong

VEGF immunoreactivity, defined as VEGF expression in

greater than 30% of lymphoma cells; the remainder

showed either no (15%) or weak (25%) staining (Figure 3,

a and b). If VEGF immunohistochemistry is reflective of

effective local VEGF signaling, and if local VEGF signaling is

an important factor in angiogenesis within DLBCL, we

would expect microvessel density to increase with local

VEGF expression (Figure 3, c and d). Average microvessel

densities did increase with strength of VEGF staining. Av-

erage microvessel counts were 20, 39, and 51 vessels per

1.0-mm core for negative, weak, and strong VEGF staining,

respectively. These differences were statistically significant

(P � 0.007 for strong versus negative or weak VEGF stain-

ing combined and P � 0.05 for strong versus negative or

weak VEGF staining individually; Figure 3e).

Figure 2. Microvessel density enumeration in DLBCL. a: Histogram of mi-
crovessel densities in DLBCL. b: Dot plot of microvessel counts from two
separate cores of each lymphoma specimen plotted against each other. The
straight line has a slope of 1, representing perfect correlation.
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VEGF and Its Receptors VEGFR-1

and VEGFR-2 in DLBCL

VEGF may play dual roles in the setting of tumorigenesis,

through signaling to endothelial cells resulting in angio-

genesis (and perhaps vascular permeability) and

through signaling to tumor cells as an autocrine/para-

crine growth factor. We therefore examined the expres-

sion of VEGFR-1 and VEGFR-2 in lymphoma cells (Figure

4, a–d). A �
2 test showed significantly higher expression

of both VEGFR-1 and VEGFR-2 in DLBCL specimens with

stronger VEGF expression (VEGFR-1, �
2

� 12.6, P �

0.002; VEGFR-2, �
2

� 22.8, P � 0.00001) (Figure 4, e and

f). There was no statistically significant difference in mi-

crovascular density in DLBCL specimens with different

levels of expression of VEGFR-1 and VEGFR-2 (data not

shown).

Immunophenotypic Subgroups of DLBCL

We have subdivided the DLBCL specimens using non-

supervised hierarchical clustering based on three immu-

nohistochemical markers of GC phenotype (CD10, BCL6,

and HGAL) and two immunohistochemical markers of

non-GC phenotype (MUM1 and BCL2) as previously de-

scribed.7 Clustering reproduced the two expected sub-

groups, with 40 GC-like cases and 47 non-GC-like cases

among the 87 cases for which microvessel density

counts were obtainable (Figure 5). We also performed

this subclassification using an algorithm devised by Hans

et al12 using immunohistochemical staining for CD10,

BCL6, and MUM1. This alternate method yielded 42 GC-

like DLBCL, 41 non-GC-like DLBCL, and four with insuf-

ficient data for further categorization. The clustering

method and the algorithm by Hans et al12 yielded very

similar results, with disparity in only 6% of cases (data not

shown).

DLBCL specimens of both GC-like and non-GC-like

subtypes showed a broad range of vascularities, with a

weak, nonsignificant trend toward higher values in the

GC-like subgroup (average 47 versus 43 vessels per

core) (Figure 6a). Expression of both VEGF and its re-

ceptors VEGFR-1 and VEGFR-2 showed a broad and

similar distribution in both the GC-like and non-GC-like

subgroups, with no significant differences (data not

shown).

Differences in Vascularity and VEGF and VEGFR

Expression in DLBCL Subgroups

We have shown that in DLBCL, microvessel density is

significantly higher in those specimens with higher VEGF

expression. We next asked whether this relationship is

present in both the GC-like and non-GC-like subgroups.

For the purposes of the subgroup analysis, we combined

cases that lacked or showed weak staining for VEGF.

Interestingly, although in the non-GC-like subgroup, mi-

crovessel density remained significantly higher in those

specimens with higher VEGF expression (29 versus 53

vessels on average, P � 0.03), the GC-like subgroup

showed only a weak nonsignificant trend (40 versus 50

vessels on average, P � 0.27; Figure 6b). Similar findings

were obtained when using the GC-like and non-GC-like

subgroups of Hans et al (27 versus 55 vessels on aver-

age, P � 0.02 in the non-GC-like subgroup; 41 versus 49

vessels, P � 0.45 in the GC-like subgroup; data not

shown).

Given the relationship of microvessel density to VEGF

expression in non-GC-like but not in GC-like DLBCL, we

Figure 3. Microvessel density and VEGF expression in DLBCL. Microvessel density [low (a) and high (b)] and VEGF expression [low (c) and high (d)] of
corresponding DLBCL cores (anti-CD34, anti-VEGF; magnification, �400). e: Bar graph shows higher microvessel density in DLBCL specimens expressing higher
levels of VEGF (*P � 0.05).
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next examined the relationship between expression of

VEGF and its receptors in the two DLBCL subtypes. In

both the GC-like and non-GC-like lymphomas, VEGFR-2

expression remained significantly higher in lymphoma

specimens expressing higher levels of VEGF (GC-like,

�
2

� 15.2, P � 0.0005; non-GC-like, �
2

� 10.2, P �

0.006) lymphomas (data not shown). Interestingly, how-

ever, the same was not true of VEGFR-1 expression in the

two DLBCL subtypes. Although in the non-GC-like sub-

group of DLBCL, VEGFR-1 expression remained signifi-

cantly higher in those specimens with higher VEGF ex-

pression, the difference was not statistically significant in

the GC-like subgroup (non-GC-like, �
2

� 12.6, P � 0.002;

GC-like, �
2

� 3.0, P � 0.2) (Figure 6, c and d).

Discussion

Although multiple morphological variants of DLBCL are

recognized, no specific histological criteria have been

shown to be associated with prognosis, limiting the role of

standard histological techniques primarily to those of

rendering a diagnosis. In fact, the International Prognos-

tic Index,13 which comprises a combination of clinical

characteristics, albeit insufficient to capture the hetero-

geneity of this disease, has been the primary tool used to

predict initial response to chemotherapy, freedom from

relapse, and overall survival. The roles of angiogenesis

and VEGF signaling in hematolymphoid neoplasia are

increasingly being recognized.14 Using tissue microar-

Figure 4. Expression of VEGF and its receptors VEGFR-1 and VEGFR-2 in DLBCL. Low (a and b) and high (c and d) levels of expression of VEGFR-1 (a and c)
and VEGFR-2 (b and d) (anti-VEGFR-1, anti-VEGFR-2; �400). e: Bar graph showing higher VEGFR-1 expression in DLBCL specimens expressing higher levels
of VEGF (P � 0.002). f: Bar graph showing higher VEGFR-2 expression in DLBCL specimens expressing higher levels of VEGF (P � 0.00001).

Figure 5. Designation of germinal center-like (GC-like) and non-GC-like subgroups of DLBCL using protein expression data. Nonsupervised hierarchical
clustering was used to subdivide the DLBCL specimens into a GC-like subgroup preferentially expressing the germinal center-associated proteins CD10, BCL6,
and HGAL and a non-GC-like subgroup preferentially expressing the activated B-cell-like proteins MUM1 and BCL2. Strong staining is red, weak staining is lighter
red, no staining is green, and uninterpretable staining is black.
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rays of primary human DLBCL specimens, we used im-

munohistochemistry to assess vascularity and expres-

sion of VEGF and its receptors VEGFR-1 and VEGFR-2 by

the lymphoma cells. We have shown that DLBCL has a

broad distribution of microvascular densities, which may

offer differential access to vascularly distributed nutri-

ents, growth factors, and chemotherapeutics. Further-

more, we have shown that higher microvascular density

is present in DLBCL specimens expressing higher levels

of VEGF. This finding is consistent with a paracrine role

of VEGF elaborated by lymphoma cells in tumor

angiogenesis.

VEGF has at least two potential roles in hematolym-

phoid neoplasia: as an angiogenic/vascular permeability

factor mediated through VEGFR-2 and as a survival/pro-

liferation factor mediated through VEGFR-1. In fact, a

murine model of human aggressive B-cell non-Hodgkin’s

lymphoma xenografts demonstrated a role for both auto-

crine VEGFR-1-mediated signaling in lymphoma cell pro-

liferation/protection from apoptosis and for paracrine

VEGFR-2-mediated angiogenesis.15 Interestingly, we

have shown that expression of both the VEGFR-1 and

VEGFR-2 receptors is higher in DLBCL specimens show-

ing higher expression of their ligand VEGF. These data

are compatible with an autocrine role for VEGF in DLBCL,

and it is interesting to speculate whether some of the

VEGF seen by immunohistochemistry may be present in

an active, receptor-bound state.

Figure 6. Relationships among vascularity, VEGF expression, and VEGFR-1 expression within GC-like and non-GC-like subgroups of DLBCL. a: Box plot showing
no significant difference in microvascular density between subgroups. Each dot represents a single specimen, and the central horizontal bar represents the mean.
b: Bar graph showing higher microvessel density in DLBCL specimens expressing higher levels of VEGF in the non-GC-like subgroup but not the GC-like subgroup
of DLBCL. *P � 0.03. c and d: Bar graphs showing higher VEGFR-1 expression in DLBCL specimens expressing higher levels of VEGF in the non-GC-like subgroup
(d; P � 0.002) but not the GC-like subgroup (c) of DLBCL.
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Our findings therefore raise the possibility of a dual role

for VEGF in lymphomagenesis: as a paracrine angio-

genic factor and as an autocrine growth factor. Gene

expression profiling of DLBCL has shown VEGF expres-

sion to be a poor prognostic factor.16,17 VEGF is ex-

pressed in isoforms of various lengths depending on

splicing2; whereas the shortest (121-amino acid) isoform

is freely diffusible, the longer isoforms bind matrix com-

ponents and thus are more likely to be locally retained.

Thus, although it seems likely that VEGF mRNA levels

correlate with locally retained VEGF protein as assessed

by immunohistochemistry, outcome studies are needed

to assess whether the poor prognosis associated with

increasing VEGF mRNA levels is recapitulated by VEGF

protein expression levels as measured by immunohisto-

logical evaluation.

We further evaluated the relationships among vascu-

larity and VEGF/VEGFR expression within the GC-like and

non-GC-like subgroups of lymphomas in our dataset,

using hierarchical clustering of a five-component immu-

noprofile.7 The same heterogeneity of vascularity seen in

DLBCL is present within the GC-like and the non-GC-like

subgroups of DLBCL. One might expect that increased

microvessel density would correlate with aggressive clin-

ical behavior; however, we have found no significant

difference in average microvessel densities between the

two subgroups. The role of microvessel density may vary

according to the type of hematolymphoid neoplasm, be-

cause it represents the route of delivery not only of nutri-

ents and growth factors but also of chemotherapeutic

agents. In the extensively studied setting of multiple my-

eloma, microvessel density correlates both with progres-

sion of the disease18 and poorer overall survival.19 By

contrast, however, a prospective study of follicular lym-

phomas has shown increased microvessel density to be

an independent favorable prognostic factor for overall

survival.20

Serum levels of VEGF have not been found to be

different between GC-like and non-GC-like DLBCL sub-

types.21 We have similarly found no significant difference

in VEGF expression between the two lymphoma sub-

types. However, we found that only in the non-GC-like

subgroup of DLBCL is the microvascular density higher

in specimens that express higher levels of VEGF. One

might speculate therefore that the paracrine role of VEGF

in tumor angiogenesis is more significant in non-GC-like

than in GC-like lymphomas. Furthermore, VEGFR-1 ex-

pression is higher in specimens showing higher levels of

VEGF expression in the non-GC-like subtype of DLBCL

but not in the GC-like subtype. This difference is substan-

tiated by nonsupervised hierarchical clustering (Figure

7), which demonstrates close clustering of vascularity

markers in the non-GC-like subtype in comparison with

the GC-like subtype. Clearly, future work is warranted to

assess whether DLBCL with higher microvascular density

and/or higher expression of VEGF or its receptors repre-

sents a prognostically or therapeutically distinct

subgroup.
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