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BACKGROUND. Measures of vascular endothelial growth factor (VEGF) expression

in pancreatic cancer typically have been qualitative or semiquantitative. The ob-

jective of this study was to use a series of algorithms called AQUA that quantita-

tively assesses protein expression on tissue microarrays (TMAs) to compare in situ

expression of VEGF and its primary receptors, VEGF receptor 1 (FLT-1) and VEGF

receptor 1 (FLK-1), on a pancreatic cancer TMA.

METHODS. TMAs were constructed by arraying 1.5-mm cores from 76 samples of

pancreatic adenocarcinoma (1996-2002) that were obtained from the archives of

the Yale Department of Pathology. The staining for AQUA was similar to standard

immunohistochemistry and involved antigen retrieval and the application of pri-

mary antibodies, but with epifluorescence detection. Slides were counterstained

with 4�,6-diamidino-2-phenylindole for nuclear visualization and cytokeratin for

membrane visualization. The primary antibodies used were VEGF, FLT-1, FLK-1,

and cytokeratin.

RESULTS. Disease stage was highly prognostic for outcome, as expected. Total

amounts of VEGF and its receptors were assessed within the tumor mask and were

divided into quartiles. Kaplan–Meier survival curves showed that VEGF and FLK-1

were not associated clearly with outcome. However, the expression of FLT-1 was

correlated significantly, and the patients who had tumors with the lowest expres-

sion FLT-1 levels had the worst survival (P � .0038). In multivariate analysis, FLT-1

expression was an independent prognostic factor for overall survival (P � .0044).

CONCLUSIONS. VEGF and its 2 principal receptors were expressed to varying

degrees in tumors of the pancreas. A significant association was found between low

expression of FLT-1 and both poor prognosis and advanced stage, suggesting that

tumor expression of this VEGF receptor is a marker of less aggressive disease.
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Angiogenesis has been implicated in tumor growth and spread,
because it was observed that tumor growth often was associated

with increased vascularity and that transplanted tumors could induce
a strong neovascular response. Subsequently, many molecules have
been implicated in this process, including growth factors, cytokines,
and angiopoietins. The vascular endothelial growth factor (VEGF)
signaling pathway represents one of the most critical steps in this
process.1

VEGF (also called VEGF-A) belongs to a family of related genes.
Alternative splicing produces four principal isoforms: VEGF121,
VEGF165, VEGF189, and VEGF206. VEGF121 does not have heparin-
binding capacity (believed to endow mitogenic property to VEGF) and
is freely diffusible, whereas the 189 and 206 isoforms are sequestered
in the extracellular matrix; 165, which is the predominant isoform, is
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intermediate.2 VEGF has clear in vitro and in vivo
activity promoting endothelial cell (EC) growth. In
addition, it has been shown that VEGF has antiapop-
totic effects, which are greater in newly formed peri-
tumoral vasculature than in established vessels; che-
motactic properties on bone marrow-derived
hematopoietic cells; and induction of vascular perme-
ability and vasodilatation.2

The receptors for VEGF initially were identified on
ECs, because it was noted that VEGF had potent in
vitro stimulatory effects on ECs,3 but the receptors
also were identified subsequently on bone marrow-
derived hematopoietic cells.4 The 2 primary receptors
VEGFR-1 (FLT-1) and VEGFR-2 (FLK-1, KDR) are re-
ceptor tyrosine kinases. The precise function of FLT-1
in angiogenesis has not been established. Placenta
growth factor (PlGF) activates FLK-1 by binding to
FLT-1 and transphosphorylating FLK-1, which has a
proangiogenic effect, yet ligand-mediated FLT-1 auto-
phosphorylation is weaker than FLK-1 autophosphor-
ylation, and it is known that a juxtamembrane repres-
sor motif of FLT-1 impairs phosphoinositide-3 kinase
signaling and EC migration.2 Indeed, an alternatively
spliced, soluble form of FLT-1 that lacks a portion of
the extracellular domain and the transmembrane and
intracellular domains also has been identified in both
physiologic and pathologic conditions. It has been
hypothesized that both this form and the full-length,
membrane-bound form play a decoy role by modulat-
ing endogenous VEGF activity through diminished
binding to FLK-1.5 Conversely, FLK-1 is considered the
major mediator of VEGF’s proliferative, angiogenic,
and permeability-enhancing effects. Key evidence is
the failure of FLK-1 null mice to develop blood islands
or any organized blood vessels, resulting in embryonic
lethality.6

The results from in situ hybridization studies that
demonstrated VEGF mRNA up-regulation in many hu-
man cancers suggested more directly a role for VEGF
in carcinogenesis.7 Although most studies have local-
ized VEGF expression to tumors and its receptors
FLT-1 and FLK-1 to ECs, suggesting a paracrine an-
giogenic effect of VEGF, other investigators have dem-
onstrated more ubiquitous expression, with VEGF re-
ceptors also present in tumor cells.8,9 This has led to
hypotheses that autocrine VEGF/receptor loops sup-
port tumor growth and survival through nonangio-
genic, growth-promoting mechanisms. Furthermore,
although it has been shown that VEGF and its recep-
tors are expressed in pancreatic cancer, the signifi-
cance of this is uncertain; because some (but not all)
studies have shown a correlation between VEGF ex-
pression, vessel density, and advanced disease.10 –13

Nevertheless, a number of antiangiogenic agents have

been developed for clinical trials, including neutraliz-
ing antibodies to VEGF or VEGF receptors, soluble
VEGF/VEGFR hybrids, multitargeted tyrosine kinase
inhibitors, and direct EC toxins.14

To further characterize the expression and clinical
significance of VEGF, FLT-1, and FLK-1, we analyzed
the expression of these markers on an extensively
annotated pancreatic adenocarcinoma tissue microar-
ray (TMA) with a modified immunohistochemistry
technique. These slides were analyzed with our re-
cently developed series of algorithms called AQUA,
which can assess TMAs by using fluorescent tags to
define tumors, localize subcellular compartments, and
grade the intensity of specific markers on a continu-
ous scale.15 This technology reduces the bias of sub-
jective assessment and allows quantitative assessment
of protein expression by using molecular colocaliza-
tion techniques.

MATERIALS AND METHODS
Patient Characteristics
Our cohort consisted of 76 patients with pancreatic
ductal adenocarcinomas from whom tissue was ac-
quired between 1996 and 2002. Extensive demo-
graphic, pathologic, treatment, and survival informa-
tion was derived from review of patient charts,
pathology reports, and the Yale and Connecticut Tu-
mor Registries. The clinical information and tumor
blocks were retrieved with approval of the Yale Uni-
versity Human Investigation Committee. Because a
substantial proportion of patients had advanced-stage
disease at presentation, available tissues from these
patients sometimes were from nonpancreatic sources,
such as liver. Only surgical resections or biopsies were
included, and any patients with only cytopathologic
specimens were excluded. Patient characteristics are
summarized in Table 1.

Tissue Microarray
Formalin fixed, paraffin embedded blocks from iden-
tified patients were retrieved from the archives of the
Yale University Department of Pathology with ap-
proval of the Yale University Human Investigation
Committee. Representative areas of invasive tumor
were identified, and 1.5-mm-diameter cores were
placed into a recipient block by using a precision
arraying instrument (Beecher Instruments, Silver
Spring, MD). Five-micrometer sections were affixed to
adhesive slides using an ultraviolet, cross-linkable,
tape transfer system (Instrumedics Inc., Hackensack,
NJ), then coated in paraffin, and stored in a nitrogen
chamber prior to staining to prevent antigen oxidation
and degeneration.16
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Immunohistochemistry
Staining procedures for TMA slides with AQUA have
been described previously.15 Briefly, slides were
deparaffinized in xylene, rinsed in ethanol, and rehy-
drated. Antigen retrieval was performed by pressure
cooking for 15 minutes in 6.5 mM sodium citrate
buffer. Endogenous peroxidase was quenched by im-
mersing the array in a 2.5% methanol/hydrogen per-
oxide buffer for 30 minutes. Nonspecific background
staining was minimized further by preincubating the
array with 0.3% bovine serum albumin in 0.1 M Tris-
buffered saline, pH 8.0, for 1 hour. The antibodies
used were anti-VEGF, a polyclonal antibody against
the amino terminus; anti-FLK-1, a monoclonal anti-
body against the carboxy terminus; and anti-FLT-1, a
polyclonal antibody also against the carboxy termi-
nus11 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA). Because anti-FLT-1 antibody is against the intra-
cellular domain of FLT-1, it presumably does not rec-
ognize the soluble form of FLT-1. Anti-VEGF recog-
nizes the 121, 165, and 189 isoforms and has been
used in numerous prior studies.10,12,13,17,19 For the
purposes of our automated analysis, tumor cells also
were differentiated from stroma with an anticytokera-
tin antibody (DAKO, Carpinteria, CA). This primary
antibody cocktail was incubated overnight at 4°C in a
humidified chamber. Goat antimouse or rabbit anti-
body conjugated to a horseradish peroxidase-deco-

rated dextran polymer backbone (Envision; DAKO
Corp.) was used as a secondary reagent to detect the
bound primary antibody, and indodicarbocyanine-
tyramide was used to visualize the amplified signal.
The cytokeratin was visualized with an indocarbocya-
nine-conjugated secondary antibody; then, the array
was counterstained with 4�,6-diamidino-2-phenylin-
dole (DAPI) to localize nuclei.

Automated Image Acquisition and Analysis
Image acquisition and automated analysis also have
been described extensively in our previous work.15

Briefly, slides are scanned using a customized, com-
puter-controlled epifluorescence microscope (Olym-
pus BX-51 with xy-stage and z controller). Images of
each spot at different wavelengths are acquired auto-
matically with a high-resolution monochromatic cam-
era (CookePCO). Because the AQUA software initially
was developed for TMA spots of 0.6 mm diameters
instead of our 1.5-mm spots, 4r images of each corner
of each spot were acquired in an automated fashion,
and these were then “stitched” together to compose
the entire spot. Then, with this stack of uncompressed
images, the AQUA software can distinguish between
areas of tumor and stromal elements by using the
cytokeratin stain, resulting in a unique binary cytoker-
atin tumor mask for each spot. Furthermore, the cy-
tokeratin and DAPI stains are used to assign each pixel
under the tumor mask into nonoverlapping mem-
brane, cytoplasmic, and nuclear locales. AQUA scores
for VEGF and its receptors are then calculated that
correspond to the average signal intensity divided by
locale area. This information can be exported into a
format that is suitable for analysis by standard soft-
ware packages.

Statistical Analysis
All analyses were performed using Statview software
(version 5.0.1; SAS Institute Inc., Cary, NC). The Cox
model was used to perform univariate analyses to
determine the relative risk of each variable. Correla-
tions between markers and clinicopathologic param-
eters were determined using chi-square analysis. Sur-
vival curves were calculated using Kaplan–Meier
analysis with assessment of statistical significance us-
ing the Mantel–Cox log-rank test. All work in this study
was approved by the Yale University Human Investi-
gations Committee.

RESULTS
Immunostaining Patterns
VEGF staining showed a predominantly membrane/
cytoplasmic (i.e., nonnuclear) distribution in tumors
(Fig. 1). Nuclear staining was significantly less. FLT-1

TABLE 1
Patient Cohort Characteristics

Characteristic No. of Patients (%)

Median age (range), y 61 (44-83)
Male 34 (45)
Disease stage*

Stage I 4 (5)
Stage II 32 (43)
Stage III 11 (14)
Stage IV 29 (38)

Treatment
Primary surgery 30 (39)
Chemotherapy 36 (47)
Radiation 19 (25)

Tissue source
Pancreas 38 (51)
Liver 16 (21)
Other 21 (27)
Not recorded 1 (1)

Tissue source (AQUA evaluable for FLT-1 expression)
Pancreas 33 (64)
Liver 9 (18)
Other 9 (18)

Median follow-up (range), m 9 (0.1-82.0)

FLT-1: vascular endothelial growth factor receptor 1.

* Stage was determined according to American Joint Committee on Cancer criteria.
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also was predominantly nonnuclear with relatively lit-
tle localized to the nucleus. Conversely, FLK-1 stained
fairly diffusely within the tumor. Most immunostain-
ing reports of FLK-1 show a predominant cytoplasmic
locale, although FLK-1 nuclear translocation by VEGF
binding has been reported in cultured ECs.20 When
subsequent outcome associations were determined
for the predominant compartments for the 3 biomar-
kers (i.e., nonnuclear for VEGF and FLT and non-
nuclear and nuclear for FLK-1), there were no signif-
icant differences compared with the results obtained
simply from the tumor mask. Thus, to assess total
staining in the best manner, all of our subsequent
analyses used AQUA scores within the tumor mask.
Although subcellular localization may be important,
the current limits of resolution of the system pre-
vented more detailed analysis of this issue. Primary
antibodies also were used on cell line microarrays. For
example, T47D showed strong membranous expres-
sion of FLT-1 (see Fig. 1).

Validation of Microarray Cohort
We used 1.5-mm diameter cores for TMA histospots
rather than the more standard 0.6 mm because of the
characteristically abundant desmoplastic tissue sur-
rounding pancreatic adenocarcinomas. It was deter-
mined that samples were nonevaluable if there were
technical problems or a lack of malignant tissue. The
mean number of evaluable samples per marker was 48
(63%) in this 76-sample array. Although 48% of sam-
ples on the TMA were from nonpancreatic tissue
sources, the evaluable cohort consisted of only 36%,
mainly because the amount of tumor cells present
from metastatic sites was less than the amount
present from the primary pancreas site (Table 1).

To validate our cohort of patients, we assessed
several established indicators of prognosis in pancre-
atic cancer. Univariate analysis showed that disease
stage and resection of primary tumor (probably a re-
flection of stage) were associated significantly with
5-year overall survival (Table 2). In our cohort, the
lowest level of FLT-1 expression also was associated
significantly with poor overall survival when it was
analyzed as a continuous variable or as a binary vari-

Š

FIGURE 1. Immunostains for vascular endothelial growth factor (VEGF) and

its receptors, VEGFR-1 (FLT-1) and VEGFR-2 (FLK-1). Representative high

expresser histospots of the pancreatic tissue microarray stained with VEGF,

FLT-1, and FLK-1. The 4 panels per marker are stitched together images of the

four quadrants of each spot. Inset A shows a cell line microarray of T47D that

had strong membrane expression of FLT-1. DAPI: 4�,6-diamidino-2-phenylin-

dole.
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able using the bottom quartile compared with the top
quartile.

Correlation of VEGF, FLT-1, and FLK-1 Expression and
Outcome
Mean AQUA scores for VEGF, FLT-1, and FLK-1 within
the tumor masks were 10.0, 16.8, and 26.5. When these
scores were divided into traditional quartiles, Kaplan–
Meier survival curves did not show a clear trend for
either VEGF or FLK-1 with respect to levels of expres-
sion and survival (Fig. 2). Although VEGF did show
significance when the P value cut off was set at �.05,
it was not a linear correlation, and the second quartile
had the greatest degree of separation. Nevertheless,
because a U-shaped distribution of expression in re-
lation to outcome is possible, the relatively small
numbers of patients in each quartile make such de-
finitive conclusions impossible. However, FLT-1 was
associated significantly with survival, with a median
survival of 5 months for the lowest quartile compared
with 19 months for the highest quartile. Multivariate
analysis also showed that FLT-1 remained a significant
prognostic variable for overall survival independent of
gender, stage, and grade (Table 2).

Association with Other Biomarkers
We also performed a chi-square analysis to determine
possible associations between the different markers
(Table 3). This analysis showed that high FLT-1 ex-
pression was associated significantly with high levels
of VEGF and FLK-1 but that VEGF and FLK-1 were not
associated significantly with each other. FLT-1, how-
ever, was the only marker that was highly correlated
with disease stage (i.e., low FLT-1 expression was as-
sociated with advanced stage). In addition, nonpan-
creatic tissue sources were associated with high stage
(most of these were liver biopsies from metastatic liver
sites) and with low FLT-1 expression.

DISCUSSION
We used our automated imaging system with molec-
ular colocalization techniques to assess the prognostic
significance of VEGF and its 2 principal receptors on
our pancreatic cancer TMA. Immunostaining patterns
showed a predominant membrane/cytoplasmic locale
for VEGF and FLT-1 but a more diffuse, subcellular
expression pattern for FLK-1 with higher nuclear
scores. Whereas VEGF and FLK-1 were not associated
significantly with survival, low FLT-1 expression was
associated with worse overall survival and with ad-
vanced stage of tumor.

One difficulty with our study was the construction
of TMAs from patients with small-core biopsies and
surgical resections. Redundant cores, therefore, were
not feasible for many patients, especially because
larger 1.5-mm cores were used for our array. However,
many studies now report adequate representation of a
variety of tumors with � 2 cores.21,22 Several recent
studies have used TMAs for pancreatic cancer with
larger diameter cores, in the range of 0.6 mm to 2.0
mm.23–25 Swierczynski et al. showed that, although a
4-fold redundant pancreatic adenocarcinoma TMA
with 1.4-mm cores showed exceptional results with
only a 1% failure rate secondary to the lack of malig-
nant tissue and a 5% failure rate secondary to techni-
cal problems,26 failure rates in many malignancies
typically are much higher.27 We had a 37% overall
failure rate secondary to a lack of tissue cores, a lack of
malignant tissue, or technical reasons. In the current
study, as noted above, 48% of arrayed samples were
from nonpancreatic tissue sources, which may have
more intrinsic variability, and consecutive slides were
stained with hematoxylin and assessed for adequate
tumor representation, and no tumor/minimal tumor
spots were excluded from the analysis. Staining for
automated analysis requires additional steps and may
damage tissue to a greater extent; and, during AQUA
analysis, rigorous cut-off levels are used, such that any

TABLE 2
Univariate and Multivariate Analyses of 5-Year Overall Survival:
Cox Regression

Marker P HR (95% CI)

Univariate analysis
Age (continuous variable) .9055
Female .447 0.824 (0.501-1.357)
Stage IV disease .0023* 2.37 (1.36-4.13)
Grade � 2 .1602 1.702 (0.810-3.576)
Primary tumor resected .0019* 0.41 (0.23-0.72)
Negative margins (patients who

underwent primary resection) .0907 0.43 (0.160-1.144)
AQUA tumor mask

VEGF (bottom vs. top quartiles)† .7202 1.186 (0.466-3.021)
FLK-1 (bottom vs. top quartiles)† .2212 2.062 (0.647-6.572)
FLT-1 (continuous variable) .0357*
FLT-1 (bottom vs. top quartiles)† .0062* 4.43 (1.526-12.857)

Multivariate analysis
Female .8175 0.905 (0.387-2.116)
Stage IV disease .5389 0.678 (0.196-2.342)
Grade � 2 .6862 1.199 (0.498-2.886)
FLT-1 AQUA tumor mask

quartiles .0044* 9.872 (2.042-47.738)

HR: hazard ratio; 95% CI: 95% confidence interval; VEGF: vascular endothelial growth factor; TM: tumor

mask; FLK-1: VEGF receptor 2; FLT-1: VEGF receptor 1.

* Significant at P � .05.
† Bottom versus top 25% of expression, i.e., the relative risk for the bottom 25% compared with the

relative risk for the top 25%.
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spot below a predetermined threshold level for detect-
able fluorescence is excluded. Table 1 shows that a
greater proportion of nonpancreatic tissue specimens,
compared with pancreatic specimens, were excluded
from the final analysis, probably because of the rea-
sons described above. Thus, our analysis was biased
for patients with primary pancreatic specimens avail-
able.

Although it is believed that VEGF promotes angio-
genesis by stimulating its receptors on tumor-associ-
ated ECs, its role in tumor growth and spread probably
is much more complex. Studies also have suggested a
possible autocrine effect for VEGF and VEGF receptors
by demonstrating the presence of both the ligand and
the receptors in tumor cells.8,9 This also has been
demonstrated in pancreatic cancer samples and in cell
lines.11,17 Although some have shown functional auto-
crine VEGF/VEGFR loops that support in vivo tumor

TABLE 3
Chi-Square Analysis P Values

Marker Stage IV

P

Biopsy Site

AQUA TM
quartiles

VEGF FLT-1

Stage IV
Biopsy site � .0001*†

VEGF AQUA TM quartiles .2969 .1887
FLT-1 AQUA TM quartiles .0006*‡ .0008*† .0021*
FLK-1 AQUA TM quartiles .7018 .8928 .3598 .0178*

VEGF: vascular endothelial growth factor; TM: tumor mask; FLT-1: VEGF receptor 1; FLK-1: VEGF receptor 2.

* P � .05.
† Pancreatic tissue source associated with low stage and with high FLT-1.
‡ Inverse correlation.

FIGURE 2. Kaplan–Meier survival curves of vascular endothelial growth factor (VEGF; A) and its receptors, VEGFR-1 (FLT-1; B) and VEGFR-2 (FLK-1; C) quartiles

and overall survival. VEGF expression in tumor mask did not show a clear association with survival. Rather, the second quartile appeared to be associated with better

survival. FLK-1 survival curves were nearly overlapping, and FLT-1 showed a clear trend with the lowest expressers doing worst.
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growth and survival, the precise mechanisms behind
this potential “nonangiogenic” and non-EC-related
pathway for VEGF is unclear.28

In pancreatic cancer, several studies have exam-
ined the functional and prognostic significance of
VEGF and VEGFR expression. Most of those studies
used immunohistochemistry to show that VEGF was
expressed in the majority of cancers and that expres-
sion in general was correlated with a worse outcome
and markers of poor prognosis, such as advanced
stage.12,13,18,29 For example, Itakura et al. demon-
strated VEGF mRNA and protein expression in all pan-
creatic cell lines tested and used immunohistochem-
istry to demonstrate a predominant membrane/
cytoplasm localization of VEGF that was associated
with vessel density, tumor size, and local spread, but
not with survival.13 Their staining results were con-
firmed with in situ hybridization studies. However,
other studies have produced conflicting results with
no correlations with outcome.10,19 Follow-up studies
from Itakura et al. also confirmed the coexpression of
VEGF and FLT-1 and FLK-1 in cultured pancreatic
cancer cell lines and in tumor cells on tissue speci-
mens, and serial sections showed that all 3 often were
colocalized in cancer cells.17 Buchler et al. demon-
strated similar findings11: It is noteworthy that their
results study showed that FLK-1 (but not FLT-1) was
correlated with shorter survival and that antisense
oligonucleotides for FLK-1 (but not FLT-1) abrogated
the in vitro stimulatory effects of VEGF on pancreatic
cancer cell proliferation, suggesting that the growth-
promoting effect of VEGF in pancreatic cancer may be
dependent predominantly on FLK-1 rather than
FLT-1.

FLT-1 has shown a divergent effect, both negative
and positive, in tumor growth potential. The conflict-
ing literature may reflect the fact that it likely has
different functions, depending on the physiologic and
pathologic conditions and tissue type in which it is
expressed. In the current study, low tumor FLT-1 ex-
pression was associated with worse survival and was
correlated with advanced disease stage. This suggests
that it may have a protective effect and act as a neg-
ative regulator of angiogenesis. Although our FLT-1
antibody presumably only detected full-length FLT-1
and not the soluble form, because it recognizes the
intracellular domain, potential decoy functions for
this receptor have been attributed to both forms.30

Furthermore, studies in ECs have shown high affinity
but weaker tyrosine autophosphorylation and signal-
ing in response to VEGF when binding to FLT-1 com-
pared with FLK-1.31 In addition, potentiation of VEGF-
mediated mitogenesis by other growth factors, such as
PlGF, through possible displacement of VEGF from

FLT-1 binding onto FLK-1 has been postulated.30 The
specific downstream effects of the VEGF/FLT-1 inter-
action in pancreatic tumor cells have not been stud-
ied, and it is possible that a similar decoy effect may
be functioning for FLT-1 in pancreatic cancer. Finally,
although this correlation has not been reported pre-
viously in pancreatic cancer, studies in breast cancer
have shown an association of low FLT-1 expression
with a worse prognosis32 and an association of high
intratumoral soluble FLT-1 and VEGF ratios with fa-
vorable outcomes.33 It is interesting to note that we
only analyzed tumor expression and not the stromal
or EC localization of FLT-1. Future studies should
characterize the expression of soluble FLT-1 and full-
length FLT-1 expression further in the various com-
partments and should analyze the intracellular effects
of ligand binding to FLT-1 in pancreatic cancer.

In conclusion, using TMA and the AQUA technol-
ogies as a platform, we showed that VEGF, FLT-1, and
FLK-1 were expressed variably in pancreatic adeno-
carcinomas and that FLT-1 was correlated signifi-
cantly with disease stage and patient survival. These
findings support a role for this pathway in the natural
history of pancreatic cancer and, in the future, may
have implications in the design of studies of antian-
giogenic therapies in pancreatic cancer.
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