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1 RRM1 RRM2 RRM3 RRM4  5qq  shown), ectopic hnRNP L expression had no affect on cell sensi-
tivity to them. These resalts suggest that DARP could be hnRNP

I_—_-:-_—_—_:_] L and it acts specifically on DNA damage induced by the miner

- A groove binder.
25 A 163 17 380 387 Other possible mechanisms of increased sensitivity to KW-2186
1 are: 1) that hnRNP L facilitates transportation of the drug to the
nucleus, and 2) that hnRNP L increases the stability of the drug-

25.31 RAPKRLK e-Jun RKRKL DNA adduct in a sequence-specific manner.

380-87 KVKEMKSK SV-40 PKKKRKV We have described the difference in intraceliular localization of
hnRNP L in human lung cancer cell lines. Although there is a
report claiming that haRNP L localized in the nucleoplasm in

163-171 VLLFTILNP] PKI LALKLAGLD! Hela cells transfected with hnRNP L,'* we showed that the

Rev LQLPPLERLTL intracellular localization of hnRNP L differs among human lung

Ficure 9 - NLS-like and NES-like sequences in hnRNP L. There
are 2 NLS-like sequences that resemble the NLS sequences of c-Jun
and §V-40 large T antigen and one NES-like sequence that resembles
the NES sequences of PKI and Rev.

3 RRMs, hnRNP L was distributed throughout the cell. These results
indicate that the N-terminal portion of each RRM is required for
determination of the intracellular localization of hnRNP L (Fig. 8z,
arrows). We then searched the sequence of hnRNP L and found 2
sequences that were rich in alkaline amino acids (residues 25-31,
380-387) and a sequence that was rich in hydrophobic amino acids
{residue 163-171, Fig. 9). The sequences rich in alkaline amino acids
showed high homoelogy with the NLS sequences of ¢-Tun and SV40
large T antigen,'>!4 and the sequence rich in hydrophobic amino acids
showed high homology with the NES sequences of PKI'S and Rev!$
respectively. The N-terminal portion of RRM1 and RRM23 contain the
NLS-like sequences, residue 25-31 and residue 380-387, respec-
tively, and the N-terminal portion of RRM2 contains the NES-like
sequence, residue 163-171.

DISCUSSION

There are approximately 20 major haRNPs, and some of them
have been reported to be highly expressed in cancer tissues.
Sueoka ef al? demonstrated elevated expression of hnRNP Bl
mRNA in human lung cancer tissue, and hnRNP I and hnRNP K
mRNA have been reported in malignant glioblastoma and breast
cancer, respectively.27 We demonstrated expression of hpRNP L
in human lung cancer cell lines and high expression of hnRNP L
is presumably present in lung cancer tissue.

We reported previously that a nuclear protein in human cancer
cells binds to the DUM-DNA adduct. The protein, DARP, prefer-
entially bound to the DNA damage induced by DNA-alkylating
minor groove binders such as DUMs and CC-1065. Because the
amino acid sequence of DARP was identical to hnRNP L, hnRNP
L is a candidate protein that binds to the DNA damage induced by
DUM. A water-soluble derivative of DUM, KW-2189, exhibits
broad spectrum antitumor activity in a series of experimental
tumor models and entered clinical trials. KW-2189 was designed
as a prodrug to generate active species, DUS6, in tumeor cells and
DARP bounds to the DNA induced by DU86 (unpublished re-
sults). Although KW-2189 alkylates DNA in vitro, only the DUB6-
DNA adduct was detected in the human cells treated with KW-
2189.'8.19 The transfection study demonstrated that hnRNP L
enhanced the cellular sensitivity to KW2189. As described previ-
ously, DARP did not recognize the DNA adducts of cisplatin and
mitomycin C in vitro.'$ We show that when we examined the
transfectants for sensitivity to other DNA-damaging agents, f.e.,
the major groove binders mitomycin C and cisplatin (data not

cancer cell lines.

There was a report that hnRNP A2 is located in the cytoplasm
in post-mitotic phase.®® In this study, few mitotic cells were
observed in the culture condition indicating that mitosis was not
correlated with hnRNP L distribution. We speculate that in the
case of hoRNP A2 a different mechanism might be involved in the
intracellular localization of hnRNP L. Nevertheless, synchroniza-
tion experiments must be examined.

SBC-3 and PC-14 cells grow faster than H69 cells. Even though
cell growths of SBC-3 and PC-14 cells were equal in our culture
condition, distribution of haRNP L in these cells were different.
This result indicate that the distribution depends on the cell type
rather than difference of the cell growth.

To determine whether the localization of hnRNP L is altered by
drug exposure, we examined the immunofiucrescent staining of
hnRNP L in lung cancer cells exposed to KW-2189 for 24 hr. An
increased population of cells in which hnRNP L was localized in
the nucleus was observed after exposure of a small cell lung cancer
(SBC-3) cell line to KW-2189 (data not shown). Although this
result was not observed in the rest two cell lines, it can suppott the
hypothesis that hnRNP L helps drugs to transport into nuclear and
involves in cell sensitivity mentioned above.

To test the hypothesis that the differences in intracellular local-
ization in lung cancer cells are due to gene alterations, we com-
pared the hunRNP L ¢DNA sequences in these cell lines. No
mutations were detected in any of the lines (data not shown),
suggesting that hnRNP L might be co-localized with other pro-
teins, Interaction between haRNPs has been reported and hnRNP
L is known to have a binding domain for interaction with other
hnRNPs {e.g., lnRNP I and haRNP K),?! which are recognized to
have NLS. Based on this evidence, the differences in localization
of hnRNP L in these cell lines might be due to changes in the
molecules that interact with haRNP L, such as hnRNP I or K. In
addition, the putative sites for regulation of localization signal in
hnRNP L that we found (25-31, 380-387 and 163-171) would be
involved in these interactions. Further studies should extend the
potential use of hnRINP L as a factor to assess sensitivity to
chemotherapy and candidate molecules for drug development. In
addition, expression of hnRNP L needs to be investigated in tissue
from lung cancer patients for therapeutic exploitation.

In summary, we have demonstrated the expression of hnRNP L
with different intracellular localization in human lung cancer cell
lines and that ectopic hnRNP L expression increases cellular
sensitivity to a minor groove binder.
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ABSTRACT

Purpose: Many studies suggest that Her2/neu play an
important role in neoadjuvant endocrine therapy, This
study aimed to determine whether the level of Her2/neu
expression in advanced breast cancer changes after antiaro-
matase neoadjuvant treatment, as well as to identify the
relationship between Her2/neu expression and response to
this kind of therapy.

Experimental Design: Thirty-six poestmenopausal pa-
tients with hormonal receptor-positive primary breast can-
cer were included in a study of three monthly cycles of
neoadjuvant endocrine therapy with either Aromasin (25
mg daily) or Femara (2.5 mg daily). Immunohistochemistry
(IHC) and fluorescence in situ hybridization (FISH) for
Her2/neu were conducted both on pretreatment biopsies and
surgical tumors,

Results: Using IHC, 5 of 36 (13.9%) of the patients had
a Her2/neu overexpression after treatment, as compared
with 16 of 36 (44.4%) before. Meanwhile, there was no
change in 21 (58.3%) patients, and through FISH, there was
a change from amplification to no amplification iz 15
(41.7%) patients. The response rate to the treatment was
75% for Her2/neu {+) tumors and 35% for HerZ/neu (=)
tumors (P = 0.017) while FISH was performed. The re-
sponse rate was also significantly affected by the decrease in
Her2/neu status after the treatment, with 73% of the tumors
showing decreased Her2/neu expression and with 38% of the
tumors showing no change of Her2/neu expression (P =
0.037).

Conclusions: Using both IHC and FISH, advanced
breast cancers show statistical evidence of decreasing inci-
dence of Her2/neu expression after antiaromatase neoadju-
vant treatment. Qur data also suggest that Her2/neu expres-
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sion and its change during the treatment might be predictive
markers for this kind of therapy,

INTRODUCTION

Human epidermal growth factor receptor-2 is a proto-
oncogene encoding a cell-surface glycoprotein designated the
Her2 or c-erbB-2 receptor that belongs to the tyrosine kinase
receptor family. The Her2/new gene is amplified and/or its
protein is overexpressed in 15-25% of breast cancers {(1-4).
Her2/neu status is a prognostic marker for poor clinical outcome
(2, 3) and possibly a predictive marker for tamoxifen resistance
(5-9). Although experimental data suggest an important role for
Her2/neu in primary and acquired resistance to endocrine ther-
apy using tamoxifen, early data from the neoadjuvant setting
indicate that response to aromatase inhibitors may be main-
tained in patients with Her2/neu overexpression (10-12).

The goal of neoadjuvant therapy is shrinkage of locally
advanced and unresectable primary breast tumors, permitting
their successful surgical removal (13, 14). It has been used more
recently in patients with large operable breast cancers that
would require mastectomy but in whom tumor shrinkage can
permit breast-conserving surgery (15, 16). Agents used have
been mainly limited to cytotoxins used in other forms of chem-
otherapy. However, endocrine treatment is becoming an atirac-
tive alternative in hormone receptor-positive postmenopausal
women,

It has been widely demonstrated that various endocrine
agents (including tamoxifen and the aromatase inhibitors) can
reduce the tumor volume over a 3—4-month treatment in post-
menopausal estrogen receptor (ER) (+) patients (10, 11, 17-20).
Aromatase inhibitors have most recently been shown to be
superior to tamoxifen as initial therapy and are being exten-
sively tested in the neoadjuvant setting instead of tamoxifen. In
this setting, aromatase inhibitors not only show enhanced effi-
cacy but also overcome tamoxifen resistance (10, 11). Although
studies as yet have failed to show any survival advantage in
patients receiving neoadjuvant compared with adjuvant chemo-
therapy (16, 21), there could nevertheless be benefits from
neoadjuvant endocrine therapy provided there was more appro-
priate patient selection. When selecting patients for endocrine
treatment, ER (+) status and, to a lesser extent, progesterone
receptor (+) status are important determinants of response (10).

We have studied the expression of Her2/neu before and
after neoadjuvant endocrine therapy in patients with breast
cancer in an attempt to obtain more information on the effect of
endocrine treatment on these patients. Her2/neu status was as-
sessed by both immunohistochemistry (IHC) and fluorescence
in situ hybridization (FISH). It was also examined in relation to
clinicopathological variables and clinical response.
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MATERIALS AND METHODS

Patients. Thirty-six pathologically proven, post-meno-
pausal patients with hormonal receptor positive breast cancer
were included between October 2001 and July 2003 as part of
the Celecoxib Antlaromatase Neoadjuvant Trial (22). The third
generation aromatase inhibitor either letrozole (Femara; Novar-
tis Pharma AG, Basel, Switzerland) or exemestane (Aromasin;
Pharmacia & Upjohn Company, Kalamazoo, MI) was given
daily in a 2.5 or 25 mg dose over the monthly cycle after
pathological confirmation from core biopsy of the primary tu-
mor. Eighteen patients were admitted into each group. Each
patient was treated for three cycles, and surgery was performed
within 7 days after the last cycle.

Physical examination and ultrasound examination were
repeated every cycle. Response categories were defined accord-
ing to the standard Union International Contre Cancer criteria as
complete remission, partial remission, no change, progressive
disease and not assessable,

All core biopsy and surgically excised tumars of the above
patients were fixed in formalin and embedded in paraffin wax.
Her2/meu expression was determined using IHC and FISH si-
multaneously.

IHC, The Hercep Test (Dako Corp., Carpinteria, CA)
was performed according to the approved protocol as deseribed
by the manufacturer, Tissue sections were cut, mounted on plus
slides, heat-treated for antigen retrieval, and immunostained.
The sections were counterstained with H&E and then mounted
in Permount. Immunostaining was interpreted with a bright-field
Olympus microscope according to the scoring system of the
manufacturer as 0, I+, 2+, and 3+ (Dake Corp.). Controls
without primary antibody and positive control tissues were
included in all experiments to ensure the quality of staining.

FISH. FISH was performed according to the PathVysion
(Vysis, Inc., Downers Grove, IL) protocol, described in the
package insert as approved by the United States Food and Drug
Administration. In brief, the PathVysion protocol involves re-
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Fig. I The comparison of tumor stage before and after neoadjuvant
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Fig. 2 The comparison of immunohistochemistry (IHC) scores of
Her2/meu status before and after neoadjuvant endocrine therapy. The
overexpression of Her2/neu are decreased significantly after the treat-
ment (P < (.001). [, before; B, after.

hydration of paraffin-embedded, 4-pum thick, ltitumor tissue
sections. The sections were air-dried, pretreated, and digested
with protease before being hybridized with fluorescent-labeled
probes for Her2/neu gene and a-satellite DNA for chromosome
17. The nuclei were routinely counterstained with an intercalat-
ing fluorescent counterstain, 4',6-diamidino-2-phenylindole.
For each tumor, 20 tumor cell nuclei were identified and scored
for both Her2/neu and chromosome 17 centromere numbers.
Her2/neu gene amplification was defined as a Her2-to-chromeo-
some 17 ratio > 2.0 as required by the manufacturer.

Statistical Metheds. Statistical analysis was performed
using the SPSS 11.0 (SPSS, Inc., Chicago, IL). Associations
between clinicopathological variables and Her2/neu status be-
fore and after treatment were evaluated using the x* test. The
paired samples ¢ test was performed to compare the Her2/neu-
to-chromosome 17 ratios before and after treatment. All P
values reported were two-sided with P < 0.05 considered to be
statistically significant. k was estimated to evaluate concordance
among Her2/neu assay methods.

RESULTS

The median age of the patients at initial diagnosis was 66
years, ranging from 48 to 84 years. Histology was as follows:
invasive ductal carcinoma in 31 (86%) patients; mixed invasive
ducta] carcinoma and mucinous in 2 (5.6%) patients; and inva-
sive lobular carcinoma, ductal carcinoma i sitw, and mucinous
in 1 (2.8%) patient each. The invasive ductal carcinoma was
calculated as grade 1 (Bloom and Richardson grade} in 11
(35.5%) patients, grade 2 in 15 (48.4%) patients, and grade 3 in
5 (16.1%) patients. There was no significant correlation between
Her2/neu and any of the clinicopathological variables, including
histological type, grade, or disease.

All 36 enrolled patients were fully assessable for response,
The overall response rate in the intent-to-treat population of 36
patients was 53%, with 3 complete responses (8%) and 16
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Fig. 3 Her2/eu overexpression (3+) de-
termined by immunohistochemistry, original
magnification, X200.

partial responses (45%). No changes were observed in 47% of
assessable patients. Over the study period, none of the patients
had direct disease progression without a period of stable disease.
The percentage of patients with changes in tumor staging before
and after the neoadjuvant therapy were compared (Fig. 1).

A total of 36 pairs of core biopsy and surgically excised
tumors were available for [HC and FISH assays. Change in the
distribution of Her2/neu IHC expression scores before and after
therapy is shown in Fig. 2. Before therapy, 4 (11.1%), 16
{44.4%), 12 (33.4%), and 4 (11.1%) patients achieved scores of
0, 1+, 2+, 3+ (Fig. 3}, respectively, yielding overexpression in
16 of the 36 patients (55.6%). In general, the THC scores
decreased after operation, except for 9 patients (Table 1). Thus,
5 0f 36 (13.9%) of the patients had a Her2/neu expression of 2+
and 3+ after ireatment, as compared with 16 of 36 (44.4%)
before, Fig. 2 depicts the change in percentage of patients scored
at each staining level before and after treatment by IHC assay.
Using FISH, the Her2/neu-to-chromosome 17 ratios varied from
0.68 to 13.07. The ratios decreased significantly after the treat-
ment. {t = 4.947, P < 0.001). Her2/neu amplification (Fig. 4)
was determined in 20 patients {55.6%) before necadjuvant ther-
apy compared with 5 patients (13.9%) during surgery (Fig. 5).
Concordance between the [HC and FISH results for the patients
in whom data from both assays were available is listed in Table
2. The x value of 0.875 suggests that there was excellent
agreement between IHC and FISH in our population.

As shown in Table 3, the response rate to the treatment was
significantly influenced by initial Her2/nen status, which was
confirmed by FISH, with a response rate of 75% for Her2/neu
{+) tumors and 35% for Her2/neu (=) tumors (P = 0.017). In
addition, the response rate was also significantly affected by the
decrease in Her2/neu status after the treatment, with a response
rate of 73% for tumors showing decreased Her2/neu expression
and 38% for tumors showing no change in Her2/neu expression
(P = 0.037). There was no significant difference in either
response rate (P = 0.52) or the change of Her2/neu expression
{P = 0.50) between the Femara group and the Aromasin group.

DISCUSSION

Her2/neu positivity of breast cancer has been suggested
that may be indicative of resistance to hormonal (predominantly
tamoxifen) therapy, but the data are by no means conclusive
(23-27). The heterogeneity of the published data may in part
result from the ER status of the tumor not being considered.
Much of the reported hormonal insensitivity of Her2/meu {+)
tumors could result from ER (—) rather than Her2/neu (+) per
se (27). So in this study, we had an attempt to sclve this problem
by selecting an entirely ER (+) group of patients.

Currently, no single assay is globally accepted as the gold
standard for Her2/neu testing. Of a wide range of techniques,
two technologies are now predominant in the routine clinical
practice: determination of Her2/neu protein overexpression by
IHC; and Her2/neu gene amplification by FISH (28). After
directly comparing parallel IHC and FISH assessment of the
same samples (29 -37), some studies suggest the combination of
these two assays provide comprehensive and valuable informa-
tion on both Her2/neu protein concentrations and gene amplifi-
cation {29-31). We also conducted both of these methods to
help us make crucial management decisions. The variables
produced by clonal selection using IHC can be overcome by
detection of Her2/neu copy number. Although there is high

Table I Change of Her2/neu status before and afier treatment

Change of Her2/neu status No. of patients (%4}

iHC”  No change 8(22.2)
I+ =0 153 (41.7)
2+ -0 4(1L.1)
2+ -1+ 7(19.4)
2+ >3+ 1(2.8)
3+ =2+ 1(2.8)

FISH  No change 21(58.3)
Amplification — nopamplification 15 {41.7)

“IHC, immunohistochemistry; FISH, fluorescence in situ hybrid-
ization.
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concordance of IHC and FISH results in our group (x = 0.875),
discrepancies are still known to occur because of the transcrip-
tional or posttranscriptional regulation for increased surface
receptor expression in the absence of gene amplification {32).
We have evaluated 36 primary breast cancers to determine
whether Her2/neu status changes after the neoadjuvant endo-
crine therapy. Overexpression and amplification of Her2/neu
was 44.4 and 55.6%, respectively. Qur findings indicate a higher
level of overexpression of Her2/nmeu in other groups with the
primary diagnosis of breast cancers (1-4), which is possibly due
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Fig. 5§ The comparison of fluorescence in sifu hybridization (FISH)
results of Her2/neu status before and after neoadjuvant endocrine ther-
apy. The amplification of Her2/neu are decreased significantly after the
treatment (P < 0.001). [J, before; B2, after.

Fig. 4 Her2/neu amplification determined
by Buorescence in sifu hybridization, X400,

Table 2 Concordance of Her2/neu assay results: IHC versus FISH”
FISH (No. of patients)

IHC score  Nonamplified Amplified Total {no. of patients)
0-1-+ 46 4 50
2+-3+ 0 2 22
Total 46 26 72

Note. Kappa = 0.875,
# IHC, immunohistochemistry; FISH, fluorescence in sifu hybrid-
ization. ‘

to the patients included in our group having developed more
agpressive tumors (38, 39). Although we didn’t find any signif-
icant correlation between Her2/meu positivity and clinicopatho-
logical factors, which might be due to the small size of our
cohort, a statistically significant decrease in positivity for Her2/
neu has been shown after neoadjuvant endocrine therapy.

To date, there have been few controlled studies of neoad-
Jjuvant endocrine therapy, especially for the use of the new
selective third generation aromatase inhibitors. In appropriately
selected patients, the Edinburgh group indicated that neoadju-
vant endocrine therapy also produces significant responses com-
pared with the preoperative chemotherapy (40). The overall
response rates were 78 -96%. The Duke group has shown that
letrozole produces a superior response rate to tamoxifen (60
versus 48%), and the differences in response rates between
letrozole znd tamoxifen were most marked for Her2/neu (+)
tumors (88 versus 21%), whereas Her2/neu (—) tumors did not
show a statistically significantly higher response rate for letro-
zole compared with tamoxifen (54 versus 42%; Ref 10). Al-
though our study showed a slightly lower clinical response rate
of 53%, we can confirm that Her2/neu {+) tumors show a
significantly higher response rate than their Her2/neu (—)



Clinical Cancer Research 4643

Table 3 Clinical response according to initial and decrease of Her2/

neu status
No. of Response
responders/Total rate (%) P
Initial Her2/neu status (+) 12/16 75 0.017
(FIsHy {-) 720 a5
Decrease of Her2/neu status (+) 11/15 73 0.037
(before and after therapy) () 821 33

@ FISH, fluorescence in situ hybridization,

counterparts. This remarkable finding suggests that the Her2/
neu-activated second messenger pathway mediates estrogen-
dependent growth through ER, presumably via ER phosphoryl-
ation. Preclinical modeling is consistent with the conclusion that
ER (+) and Her2/neu (+) tumors are highly estrogen dependent
{41). Additional data also indicate that ER-dependent transerip-
tional activity in a Her2/neu {+) breast cell line can be impeded
by estrogen deprivation caused by aromatase inhibitors (42),
which would suggest that a higher sensitivity to these agents
might exist in breast cancer.

More interestingly, we found that the amplification of
Her2/neu decreased in 41.7% of patients after the therapy by
FISH. These results suggest that aromatase inhibitors might
frequently repress the aggressive nature of breast cancer. The
mechanism of aromatase inhibitor-induced Her2/neu down-
regulation is unclear and extremely variable (43). A molecular
explanation for these findings might be related to inactivation of
signal transduction of Her2/neu through the mitogen-activated
protein kinase pathway. Additional exploration of the molecular
mechanism underlying this phenomenon may prove very useful
in explaining and in controlling breast cancer progression in the
future, Most importantly, we found that tumors, which show
decreasing Her2/neu expression during the treatment, also show
a significantly higher response rate than tumors, which show no
change of Her2/neu expression. These remarkable observations
suggest that positive Her2/neu status and a decrease in Her2/neu
expression became significantly sensitive markers for the neo-
adjuvant endocrine therapy based on aromatase inhibitors. Be-
cause it generally takes longer for endocrine therapy than chem-
otherapy to act, it seems essential to identify nonresponse early
in the course of treatment so that the patient can be transferred
to alternative therapies. Defining the best way to monitor re-
sponse is therefore of fundamental importance. The determina-
tion of Her2/neu status by repeated biopsy during the therapy
may be carried out in the future study. Nevertheless, our study
has attempted to explore the role of a decrease in Her2/neu
expression as a predictive marker for neoadjuvant endocrine
therapy.

In conclusion, we have shown that Her2/neu gene ampli-
fication and protein expression decrease after necadjuvant ther-
apy using aromatase inhibitors. Despite the limited size of the
cohort and immature survival data, our findings that both the
positive Her2/neu expression and a decrease in Her2/neu ex-
pression have a predictive value with respect to the treatment
could be clinically relevant.
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GROWTH FACTOR RECEPTOR-3 IN HUMAN MALIGNANT TUMOR TISSUES

Hiroko Banpo!, Maren BROXKELMANN', Masakazu Tot?, Kari ALraro®, Jonathan P. Sueeman®, Bence Siros®, Hermann-Josef Gréygs

and Herbert A. WelcH!™*

'Department of Gene Regulation and Differentiation; National Research Centre for Biotechnology (GBF), Braunschweig, Germany

*Breast Oncology, Tokyo Metropolitan Komagome Hospital, Japan

3Cancer Biology Laboratory, University of Helsinki, Finland

4Forschungszentrum Karlsruhe, Institute of Toxicelogy and Genetics, Karlsruhe, Germany

SUniversity of Schleswig-Holstein, Campus Kiel, Germany

SDepartment of Cellular and Molecular Pathology, German Cancer Research Center (DKFZ), Heidelbers, Germany

VYascular endothelial growth factor recpetor-3 (VEGFR-3)
and its ligands, vascular endothelial growth factor-C
(VEGF-C) and -D (VEGF-D), are the major molecules in-
volved in developmental and pathological l[ymphangiogen-
esis. Here we describe for the first time the development of
a specific indirect enzyme-linked immunosorbent assay
(ELISA) for the quantification of YEGFR-3 in different human
cell and tissue lysates. A combination of the goat polyclonal
anti-YEGFR-3 antibody and the mouse monoclonal anti-hu-
man YEGFR-3 antibody was used, The assay was highly sen-
sitive and reproducible with a detection range of 0.2-25 ng/
ml. The assay was specific for VEGFR-3, with no cross-
reactivity to YEGFR-1 or VEGFR-2. Complex formation with
VEGF-C and VEGF-D had no effect on the sensitivity of the
assay. The VEGFR-3 concentration in the lysates of cultured
human dermal microvascular endothelial cells was |4-fold
higher than in the lysates from human umbilical vein endo-
thelial cells. In human kidney, breast, colon, gastric and lung
cancer tissues the protein levels of VEGFR-3 were in the
range of 0.6-16.7 ng/lmg protein. Importantly, the level of
VEGFR-3 protein detected in the ELISA correlated signifi-
cantly with the number of YEGFR-3 positive vessels observed
in histochemical sections, suggesting that the ELISA assay
may be a reliable surrogate of measuring VEGFR-3-positive
vessel density. The protein levels of VEGFR-3 in 27 renal cell
carcinoma samples had a significant correlation with the
levels of VEGF-C (p<0.0¢1), or biological active, free
VEGF-A ($<0.0001), but not with VEGFR-I or total VEGF-A.
This assay provides a useful tool for the investigations of the
expression levels of VEGFR-3 in physiological and pathologi-
cal processes, particular in cancer and In lymphangiogenesis-
related disease.
© 2004 Wiley-Liss, Inc.

Key words: VEGFR-3; sandwich-ELISA; lymphangiogenesis; growth
Jaciors

The development and maintenance of blood or lymph vessels is
dependent on a number of molecular systems. A major group of
molecules is represented by vascular endothelial growth factors
(VEGFs) and their receptors (VEGFRs). In man, there are 5 known
members of VEGF family: VEGFs A-D and placenta growth
factor (PIGF).! These factors interact with 3 membrane receptors,
VEGFR-1 (Flt]), VEGFR-2 (KDR or flk-1 in mouse) and
VEGFR-3 (Flt4), which belongs to the subfamily of receptor
protein tyrosine kinase. They are characterized by the presence of
7 immunoglobulin-like domains in the extracellular domain and an
intracellular domain with homology to the platelet-derived growth
factor receptor (PDGFR) subfamily.? Two alternatively spliced
isoforms of VEGFR-3 have been reported,? though in contrast to
VEGFR-1, there is no evidence so far that a naturally occurring
soluble receptor form exists for VEGFR-3.%

The growth of lymphatic vessels 1s called lymphangiogenesis
and occurs after tissue injury, obstruction or damage of lymphatic
vessels. VEGFR-3 is a receptor for YEGF-C and -D.' VEGFR-3
has an essential role in the development of the embryonic cardio-
vascular system before the emergence of the lymphatic vessels,

and the embryonic lymphatic vessels sprout from the endotheljy
cells of the venous-sac-like structure, called the mesonephric veln
and anterior cardinal vein, where VEGFR-3 is expressed 57 I the
adult, VEGFR-3 and its ligands are known to play key roles in the
molecular regulation of lymphangiogenesis.® After binding 1o
VEGF-C and VEGF-D, YEGFR-3 is capable of transducing sig-
nals triggering the proliferation of YEGFR-3-expressing cells iy
vitro and in vivo.?-11 Blocking of VEGFR-3 activation inhibits the
formation of lymphatic vessels in the developing embryo.f0

VEGFR-3 and its ligands may play an important role in several
pathological conditions where lymphangiogenesis occurs or the
function of the lymphatics is involved. More recent studies suggest
that patients with mutations in the VEGFR-3 gene develop
lymphedema.!?#* Currently there is little direct evidence of
VEGEF-C/VEGFR-3 in physiological or disease systems, especially
in relation to progression or metastasis of carcinoma, However, in
several experimental models VEGF-C overexpression enhances
mestastatic spread to regional lymph nodes.?

Very recently, we have established a sandwich ELISA for the
rneasurement of mature and partially processed VEGF-C protein in
human tissue and in animal models.'* However, such a reliable and
sensitive assay for VEGFR-3 has not been available up to now.
The aim of our work was therefore to develop a highly sensitive
and reproducible assay format for the detection and quantification
of VEGFR-3 in human cellular models and tissues, This goal was
achieved by establishing a sandwich ELISA for VEGFR-3.
VEGFR-3 amounts in the higher picogram range can be measured
with our new ELISA, and we present here quantitative data for
VEGFR-3 in relation to VEGF-C, VEGFR-1 and VEGF-A in
human tissue samples for the first time.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; HDMEC,
human dermal micravascular endothelial cells; HUVEC, human umbilical
vein endothelial cells; LE, lymphatic endothelial cell; VEGF, vascular
endothelial growth factor; YEGFR, vascular endothelial growth factor
receptor.
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ENDOTHELIAL GROWTH FACTOR RECEPTOR-3 ASSAY

MATERIAL AND METHODS
W‘bgdies and recombinant proteins

. Mouse monoclonal anti-human VEGFR-3 antibody 9DIFS was
: fuced as described ecarlier.!® Goat polyclonal anti-human
‘,',E(}FR-3 antibody AF349 was purchased from R&D Systems
[AbinngIl. Oxfordshire, U.K.). A polyclonal anti-human
JEGFR-3 antibody 5149 against recombinant VEGFR-3 was de-
wloped in rabbits. The procedure was similar to that described

viously for the polyclonal sVEGFR-2 antibody.!'s Briefly, a
gl amount of 1.2 mg soluble VEGFR-3 protein, comprising the
4hole extracellular domain!? (amino acid 26 to 725) purified from
weulovirus infected insect cells, was used for immunization of 2
jew Zealand white rabbits. Total IgG from rabbit serum was
golated using HiTrap Protein-A Sepharose columns (Amersham
pioscience, Freiburg) and then antigen-affinity purification was
Pcrformed by 0.5 mg recombinant soluble VEGFR-3 on a NHS-
glivated HiTrap column (Amersham Bioscience, Freiburg).
Mouse monoclonal anti-soluble VEGFR-1 antibody Flt-11 and
pti-soluble VEGFR-2 antibody KDR-2 was produced as de-
wribed.!® The recombinant human proteins VEGFR-1, VEGFR-2,
YEGE-C and VEGF-D were preduced in insect cells and purified
fom supernatants as previously described.!%20 Recombinant
YEGFR-3 was produced and purified very similarly to the proce-
dure described.®

Cell lines, tissues and sample preparation

Primary human dermal microvascular endothelial cells (HDMEC;

Bio Whittaker, MD) and primary human umbilical vein endothelial
cells (HUVEC; Bio Whittaker, MD) were cultured in EBM medium
(Bio Whittaker, M) containing 5% FCS and growth factor supple-
ments according to the manufacturer’s instructions. Both cell types
were grown at 37°C in 2 humidified incubator with 5% CO,. The cells
were grown to 80% confluence in 75 cm? tissue culture flasks (Nunc,
‘Roskilde, Denmark). )
i Tissue samples from different human tumors were from Tokyo
Metropolitan Komagome Hospital, the Department of Pathology at
‘the University of Kiel, or from the Department of Pathology at
-DKFZ, Heidelberg. All Patients signed an informed consent ac-
‘cording to a protocol approved by the ethics committee of the
‘institute, Tumor tissues were snap frozen in liquid nitrogen. Tissue
‘samples or cultured cells were homogenized in RIPA buffer (0.1%
.8DS, 1% TRITON X100, 0.5% Na-deoxycholate, protease-inhib-
itor cocktail in phosphate-buffered saline). Protein concentrations
-were estimated according to standard protocols (BCA assay, Per-
bio, Rockford).

Immunoprecipitation

To reveal the VEGFR-3 expression in the samples, immunopre-
-cipitation and immunoblotting were performed using HUVEC and
HDMEC. Four micrograms of rabbit-anti-human VEGFR-3 anti-
body 5149 or mouse monoclonal antibody 9D9F9 was added to
cell lysates containing I mg of protein and incubated overnight at
;4°C. Following addition of 10-20 pl protein A-agarose or protein
' G-sepharose (Sigma-Aldrich, St. Louis, MO), incubation contin-
ued for 4 hr at 4°C. Immunoprecipitates were isolated by centrif-
ugation and washed twice with RIPA buffer. The supernatants
were discarded and reducing sample buffer was added to the tube
and boiled for 10 min followed by cooling on ice.

. bumunoblotting

All samples were loaded onto & 5 or 12% sodium dedecyl

- sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and
separated under reducing conditions. Immunoblotting onto a
PVDF membrane {Millipore, Bedford, MA) was performed for 20
to 60 min at 15 V in a semi-dry blotting chamber (Biorad, Munich,
Germany). The membrane was saturated with 20% noafat milk in
TBS (20 aM Tris-HC and 150 mM NaCl, pH 8.0) for 1 hr at room
temperature. Monoclonal antibody 9D9F9 (0.5 pg/ml), polyclonal
antibody against human VEGFR-3 (0.1 jg/ml), KDR-2 {1 pg/ml)
or Flt-11 (1 pg/ml) was applied in TBS containing 10% ronfat
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milk for 1 hr at room temperature. The secondary antibody and the
ECL detection kit were used according to the manufacturer's
method (Amersham Bioscience, Freiburg).

VEGFR-3 Sandwich-ELISA

The development of a highly sensitive and specific sandwich
ELISA for VEGFR-3 was achieved by using standard methods.2!
The detection antibody used was mouse monoclonal anti-human
VEGFR-3 antibody 9D9F9. A standard curve was created using
the recombinant VEGFR-3 protein containing only the extracellu-
lar domain of the receptor (IgG domain 1-7). The procedure was
as follows: 96-well microtiter plates were coated with 50 pl/well
of goat anti-human VEGFR-3 antibody diluted to a final concen-
tration of 1 pg/ml in 100 mM NaHCO, (pH 8.0). The coated plates
were incubated at 4°C overnight then blocked with 200 pl/well of
1% BSA, 25% of low fat milk in PBS and 0.1% Tween 20
(Sigma-Aldrich; PBS-T) for 2 hr at room temperature. Dilution
buffer was 75% PBS-T with 1% BSA and 25% diluent MOD-U-
CYTE IV (Serological Proteins, Inc., Kankakee, IL). One hundred
microliters of test samples, diluted 1:2 or 1:4 in dilution buffer,
were added to the plates in duplicate. Recombinant VEGFR-3 was
diluted serially to generate a standard curve with concentrations
ranging from 23 to 0.2 ng/ml. Fifty microliters of mouse mono-
clonal anti-VEGFR-3 antibody 9D9F9 diluted to a final concen-
tration of 0.16 wg/ml was added to each well. After 2 hr incubation
at room temperature, amplification of signal was achieved by the
addition of 100 pl/well of biotinylated goat-anti-mouse IgG (Di-
anova, Hamburg, Germany) at 1:20,000 dilution in dilution buffer
and incubated with shaking at room temperature for 1 hr. For
visualization of the detector, streptavidin-enzyme conjugate was
used (Endogen, Woburn, MA) followed by the addition of TMB
{tetra-methyl-benzidine; Roche Mannheim, Germany). After stop-
ping the reaction with 1 M H,SO,, the absorbance was measured
at 450 and 620 nm with an ELISA plate reader (Labsystems,
Finland). Each tumor sample has been split in 2 parts and used for
both, ELISA measurements and for immunchistochemistry (see
below), From the tumor material homogenized (2-3 g) only 150-
250 pg protein was used for ELISA. Generally, the tumor and
other samples were analyzed in different dilutions, measuring each
dilution in duplicates. '

Intra- and inter-assay variation and specificity of the ELISA
System.

To evaluate the reproducibility of the assay, the intra-assay
variation was analyzed using repetitive measurement of the cell
lysates from HUVEC and HDMEC or tumor lysates on a single
plate. The inter-assay variation was also measured using the same
samples across 8 scparate experiments. The specificity of the
systern for detection of VEGFR-3 was determined by the substi-
tution of recombinant VEGFR-3 protein for known concentrations
of recombinant soluble VEGFR-1 and VEGFR-2 protein to assess
for any evidence of cross-reactivity. The intra-and inter-assay
coefficients of variation (CV) were calculated as CV= (standard
deviation/mean) X 100.

Measurement of total-VEGF-A, free-VEGF-A, VEGF-C and
VEGFR-1

The protein levels of the other VEGF family members, total-
VEGF-A, free-VEGEF-A, VEGF-C and VEGFR-1 in the tumor
extracts were measured by ELISA. All samples were lysed with
RIPA buffer. The measurements were performed with standard
methods.?t Briefly, total-VEGF-A concentrations were measured
by a colorimetric sandwich ELISA using a polyclonal, antigen-
affinity purified antibody to human recombinant VEGFL65 as
capture and biotinylated detector antibody. The human recombi-
nant VEGF165 isoform was used as a standard between 1.25 and
0.02 ng/ml by serial dilutions. Free, bioactive and uncomplexed
VEGF-A was measured with a ligand receptor binding assay
(BIOLISA, BenderMedSystems, Vienna). The ELISA plate coated
with recombinant soluble VEGFR-1 D1-6 protein and bound mol-
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ecules were detected with polyclonal antigen-affinity purified anti-
human VEGF antibody. VEGF-C measurement was performed
using our recently developed ELISA method.!® The VEGFR-1
sandwich immunoassay used 1 monoclonal anti-human VEGFR-1
antibody and 1 polyclonal antibody.?2.23

Iminunohistochemistry

Freshly frozen 27 renal cell carcinoma tissue samples were
obtained from the DKFZ, Heidelberg. The samples consisted of
clear cell carcinoma (» = 25) and chromophilic carcinoma (r = 2).
Seven of the clear cell carcinoma were well differentiated, 15 were
moderately and 2 were poorly differentiated. One of the chro-
mophilic carcinoma was well differentiated, and the another was
poorly differentiated. All samples (approximately 2-3 g tumor
material) had been frozen immediately after surgical excision in
liquid nitrogen and stored at —70°C. Mouse monoclonal antibod-
ies 9D9F9 against human VEGFR-3 were used for staining. CD31
staining was performed according to the protocol of the manufac-
turer (BD Bioscience, San Diego, CA). Five micrometer cryosec-
tions of the tissues were air-dried and fixed in cold acetone for 10
min. The sections were rehydrated in phosphate-buffered saline
(PBS) and incubated for 30 min in 5% normal goat serum at room
temperature, The sections were then incubated for 2 hr in a humid
atmosphere at room temperature with the 9D9F9 at a concentration
of 1.0 pg/ml. A subsequent incubation for 30 min in biotinylated
anti-mouse serum was followed by a 60 min incubation using
reagents of the Vectastain Elite Mouse IgG ABC kit (Vector
Laboratories, Burlingame, CA). Peroxidase activity was developed
with DAB substrate kit (DAKO Laboratories, Carpinteria, CA)
until the desired color intensity was reached. Finally, the sections
were stained with hematoxylin for 20.sec. The densities of
VEGFR-3 positive vessels were calculated according to the
method described by Gasparini and Harris.** The vessel density
was counted per a X400-magnification high-power field (hpf) in
the areas with the highest vessel density. A minimum of 5 fields
was counted per slide, after which the 3 highest counts were
averaged.

Statistical analysis

All statistical calculations were carried out using StatView
statistical software, version 5.0 (SAS Institute, Inc., Cary, NC).
Unless specified, the data were expressed as median and range.
The data were not parametrically distributed, consequently the
significance of differences between groups was calculated by ap-
plying nonparametric tests. The Mann-Whitney U tests were used
to analyze the difference of VEGFR-3 concentration between
different types of tumor. The correlation between 2 factors was
calculated using the Spearman’s correlation coefficient by rank,
Differences at p<0.05 were considered to be statistically signifi-
cant.

RESULTS

Characterization of the anti-VEGFR-3 antibodies

The first approaches towards the development a VEGFR-3
ELISA were to search for the best combination of VEGFR-3
antibodies. Initial experiments showed that a goat polyclonal anti-
human VEGFR-3 antibody from a commercially available source
and a mouse moneclonal antibody were the best pair. Both of the
antibodies are produced against extracellular domain of human
VEGFR-3 protein. The monoclonal antibody is species specific.
Western blot analysis with recombinant human VEGFR-3,
VEGFR-1 and VEGFR-2 proteins revealed that both the monoclo-
nal and polyclonal antibodies bind strongly to VEGFR-3 (Fig. 1).
There was no cross-reactivity with humean VEGFR-1 or VEGFR-2
protein (Fig. 1), the most closely related proteins to VEGER-3,

Sensifivity, cross-reactivity and reproducibility of the sandwich
ELISA for VEGFR-3

For the capture antibody, the polyclonal goat antibody was used
and for detection, the monoclonal antibody 9D9F9 was used. This

BANDO ET AL.

combination resulted in the most sensitive results, A typical
dard curve obtained with the ELISA is shown in Figyre 2smn.
minimum detection limit estimated by serial dilution was abo{lt
ng/ml recombinant human VEGFR-3. Recombinang hun?a:n

l 2 3

Ficure I-Immunoblot with human VEGFR-3, VEGFR-2 and
VEGFR-1 using the polyclonal anti-VEGFR3 antibody AF 349 (a), the
mouse anti-VYEGFR-3 monoclonal antibody 9D9F9 (5), the mouse
anti-Fltl antibody Fltll (¢) and the anti-KDR antibody KDR2 (d).
Lane 1: 100 ng His-tagged human recombinant VEGFR-3; lane 2: 100
ng human VEGFR-] and lane 3: 100 ng human VEGFR-2. Proteins
were separated by 12% SDS-PAGE and blotted onto PVDF mem-
branes as described. After saturation, the membrane was incubated for
1 hr with each antibody at 1~2 pg/mt in TBS containing 109 low-fat
milk, followed by incubation with a alkaline horse radish peroxidase-
conjugated secondary antibody.

2,0

1,5 1

0,0 T — S — —
0.1 1,0 10,0

Concentration of VEGFR-3 (ng/ml)

Freure 2 - Standard curve of YEGFR-3 concentration. Recombi-
nant human soluble VEGFR-3 with His-tagged protein was secially
diluted to each concentration from 25 ng/ml to 0.2 ng/ml, and the
curve was generated.
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qEGFR'l or VEGFR-2 molecules were not recognized by this
sy eveD ata very high concentration such as 250 ng/ml (data not

owIL)-
f iiln order to exclude interactions between VEGF-C or VEGF-D/
-Vﬁng-fi and VEGFR3/antibody binding, an increasing amount
¢ 1he recombinant VEGF-C or VEGF-D protein was added to
oW concentrations of recombinant VEGFR-3- containing test
mples. As demonstrated in Figure 3, an 18-fold molar excess of
yEGE-C or -D protein did not interfere with the binding of 40
ml VEGFR-3 to the capture antibody. This indicates that the
wre antibody can detect receptor-ligand-complexed and free
VEGFR-3 equally well (Fig. 3).

nirg-and inter-assay coefficients of variation

The precision of the assay was determined by calculating the
gira-and inter-assay coefficients of variation for the ELISA sys-
gm. The intra-and inter-assay coefficients of variation (CV) are
(tzined by measuring the variation within an individual assay and
kuween different assays respectively. Four different samples, cell
lysates from HUVEC and HDMEC, and renal cell carcinoma
issue lysates from 2 different cases were used. Typically, the
intra-and inter-assay coefficients of variation for an ELISA should
ke less than 5% and 10%.2% The intra-assay coefficients of varia-
ion were calculated from the results of 12 measurements from
single plates, whereas the inter-assay coefficients of variation were
calculated from the results of 8 individual assays for each ELISA
developed. Intra-and inter-assay coefficients for the ELISA system
are displayed in Table I The intra-assay coefficients of variation

AvEGF-
N VEGF-O

VEGFR-3 concentration (ng/ml}

0 10 25 50 100
concentration for added molecules (ng/mil)

Figure 3 — The assay system detects VEGFR-3 independenly of
receptor-ligand complex formation. VEGFR-3 (40 ng/ml) was added
to each well that was coated with polyclonal antibody against
VEGFR-3 in presence or absence of Increasing concentrations of
VEGF-C (stripe bars) and VEGF-D (gray bars). Monoclonal antibody
IDSF9 was used to detect and quantify VEGFR-3. All measurements
were performed in duplicate.
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were below 4% and the inter-assay coefficient of variation was
below 9%.

Expression of VEGFR-3 in vascular cell types

Only limited information has been published about the kinetics
and the amounts of VEGFR-3 produced in human cells or in tumor
tissues, HUVEC and HDMEC were used as a positive control.28 -
HDMECs are commonly used as a source for the isolation of
primary lymphatic endothelial cells.?” In the ELISA measurement,
the protein level of VEGFR-3 in HDMEC was more than 10-fold
higher than in HUVEC. (Table I)

Immunoprecipitation followed by immunoblotting was applied
to lysates of HUVEC and HDMEC cells. The combination of
9D9F9 or rabbit polyclonal antibody 5149 and goat polyclonal
anti-VEGFR-3 antibody was used for immunoprecipitation and
immunoblotting, respectively. The results of these experiments are
shown in Figure 4 and demonstrate that the combination of SD9F9
and goat polycional anti-VEGFR-3 antibody allows robust detec-
tion of VEGFR-3 protein expression and correspond with the
protein concentration measured with the ELISA. The bands seen at
molecular weight at 195 kDa and 125 kDa represent the uncleaved
and proteolytically cleaved forms of VEGFR-3.28 The band at 175
kDa is considered to be intracellular, unglycosylated precursor.

VEGFR-3 positive vessels in renal cell carcinoma

The mouse monoclonal antibody 9D9F9 against human
VEGFR-3 extracellular domain was used to stain the renal cell
carcinoma tissues. Strongly stained VEGFR-3-positive vessels
were present in all renal celi carcinoma tissues studied (Fig. 5).
Most of the VEGFR-3-positive small vessels were also positive
for CD31 staining (Fig. 5b,c, arrowheads). On the other hand,
larger vessels were generally negative for VEGFR-3 and posi-
tive for CD31 staining (Fig. 5b,c, arrows). The intratumoral

-
= =1
L= =

170 —

& 2

130 —

[
=3

VEGFR-3 {na/mqg protein)

<>

HWEC  HDMEC

FiGure 4 ~ Western analysis and quantification of YEGFR-3 protein
expression by cultured HUVEC and HDMEC. (a,b) The equal amount
(1 mg protein) of homogenized protein was irnmunoprecipitated with
the mouse monoclonal anti-VEGFR-3 antibody 9D9F9 (a) or rabbit
polyclonal anti-VEGFR-3 antibody 5149 (b) followed by gel electro-
phoresis and Western blotting with goat polyclonal anti-VEGFR-3
antibody. {¢) Quantification of VEGFR-3 protein level of HUVEC and
HDMEC lysates by ELISA.

TABLE I-INTRA- AND INTER-ASSAY COEFFICIENTS FOR VEGFR-3 ELISA'

HUVEC HDMEC Kidney tumaor-| Kidney wmor-2

Intra-assay (n = 12)

Mean * SD (ng/mig protein) 6.281 = 0.210 87.970 £ 2.763 2.169 % 0.060 2.826 = 0.077

CV(%) 333 3.14 2.759 2715
Inter-assay (n = 8) )

Mean * SD (ng/mg protein) 6.406 £ 0.337 26.400 * 4.500 2.288 £ 0.198 2,914 £0.250

CV(%) 5.27 5.21 8.66 8.6
'p = 12 and n = 10 for the inter- and intra-assay coefficients of validation (CV), respectively. HUVEC, human umbilical vessel endocelial

cells; HDMEC, Human dermal microvascular endothelial cells,
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0 2 4 6 8 10 12 14 16 18
VEGFR-3 concentration (ng/mg protein)

VEGFR-3 positive vessel density

FiGure 5 - Immunostaining for VEGFR-3 (a+b) and CD31 (c) in kidney tumor tissue sections. (a) A case with high count of VEGFR-3-
positive microvessels in the stroma, X300. (b,c) A set of sections was compared to staining of VEGFR-3 (b} and CD31 (¢). Colocalization of
VEGFR-3 with CD31 was found in capillaries in the stroma of the tumor tissues arrowheads. On the other hand, in large vessels, VEGFR-3
staining was mainly negative (arrows). X200. () The VEGFR-3 positive microvessel count against the concentration of VEGFR-3 measured
by ELISA in a simple scatterplot. A regression line is shown to illustrate the relationship.

VEGFR-3 positive vessel density (median 38, range 7 to 61
vessels pre hpf, n = 27) was significantly correlated with
measured protein levels of VEGFR-3 by ELISA. (p < 0.001,
Spearman’s Rank Correlation test). Immunostaing for tumor
cells were not detected, However, the observed correlation must
be seen under the limitation that only a very limited number of
sections have been used for vessel counting, which may not be
representative of a tumor. Furthermore, vessel distribution in a
tumor is not uniform and the highest vessel count will not
necessarily correlate with the VEGFR-3 protein amount mea-
sured by ELISA.

Correlation Analysis between VEGF family member factor in
renal cell carcinoma tissues

Protein levels of VEGF family members, total VEGF-A, free
VEGF-A and VEGFR-1, were measured in 27 renal cell carcinoma
samples by enzyme linked assay using the same tissue extracts.
Spearman’s nonparametric rank correlation tests showed that cor-
relations exist between the expression of VEGFR-3 and the other
VEGF family members (Fig. 6). Expression of VEGFR-3 had a
significant positive correlation with expression of VEGF-C and
free-VEGF-A (p = 0.0005 and p = 0.0002, respectively). On the
other hand, the expression of total-VEGF-A as well as VEGFR-1
are not correlated with that of VEGFR-3.

Detection and quantification of VEGFR-3 from different human
tumor tissues and correlation to VEGF-C data by using different
detection methods

After the discovery of the VEGFR-3 ligand VEGF-C, several
studies reported the expression of these genes or proteins in tissues
and organs of hurman or murine origin.®29-3t All these studies used
PCR, Northern blot analysis or immunchistochemistry for detec-
tion of VEGFR-3. Our optimized assay was employed to measure
the levels of VEGFR-3 in tumor tissues from different source. The
results shown in Figure 7 demonstrate that the levels of VEGFR-3
were significantly elevated in renal cell cancer tissues, 8.1 ng/mg
protein (L.4-16.7 ng/mg protein, n = 27), compared to breast
cancer tissues, [.5 ng/mg protein (0.6-2.6, n = 18), colon cancet
tissues, 1.3 ng/mg protein (0.7-1.9, n = 10), lung cancer tissues,
2.1 ng/mg protein (1.5-3.0, n = 10) and gastric cancer tissues 1.0
ng/mg protein (0.7-14, n = 10} (p < 0.000!, Mann-Whitney
U-test). Among several kinds of tumors, renal cell carcinoma cells
exhibit the highest expression level of VEGFR-3 protein, followed
by lung cancer tissues. Gastric cancer tissues contained the lowest
amount of VEGFR-3 protein (p < 0.05).

DISCUSSION

The present study describes for the first time the establishment
of a quantitative sandwich ELISA human VEGFR-3. During the
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FIGURE 6 — Correlation analysis of VEGFR-3 protein levels with its related proteins VEGF-C (a), frec VEGF-A (b), total VEGF-A (¢) and
VEGFR-1 (d). The protein levels of VEGFR-1, VEGFR-3, free VEGF-A, total VEGF-A and VEGF-C in kidney tumor extracts were determined
by ELISA as described. VEGFR-3 expression significantly correlated those of YEGF-C(p = 0.0005) and free VEGF-A(p = 0.0002) but not with
VEGFR-1 nor total VEGF-A (Spearman’s correlation coefficient by rank).

development of this ELISA, several polyclonal or monoclonal  system, reflecting a common stem cell origin for hematopoietic
antibodies for VEGER-3 were produced, and the most sensitive  and endothelial cells.>® More recent data show the VEGFR-3 can
and specific combination was the monoclonal antibody 9D9F9  also be expressed on blood vessel endothelium, for example, in
together with a goat polyclonal anti-VEGFR-3 antibody. Intra-and  fenestrated capillaries.3® We and others also found that VEGFR-3
inter-assay variations were minimal and the good reproducibility  is expressed and upregulated on blood vessels during fetal devel-
of the assay was achieved. Immunoprecipitation and immunoblot- opment, in tumors and in chronic wounds, together with the
ting analysis confirmed the presence and detection of VEGFR-3 in corresponding ligand VEGF-C.2¢3? VEGFR-3 can also be weakly
samples using the same 2 antibodies as used in the ELISA system. expressed in the capillary endothelium of nermal breast tissue as
Significantly, the ELISA measurements for VEGFR-3 protein lev-  well, Thus, when measuring VEGFR-3 levels in tissues, possible
els significantly correlated with VEGFR-3-positive vessel density ~ contributions from cell types in addition to lymphatic endothelial
in immunohistochemical sections, suggesting that the ELISA assay  cells should be taken into consideration.
can be used as a convenient surrogate measure of the number of VEGFR-3 is not only an important lymphatic marker but is also
VEGFR-3-positive cells in biotogical samples. a functional trigger and signaling molecule for angiogenesis, lym-
VEGFR-3 has been reported to be expressed on a variety of cell  phangiogenesis and regional metastasis. Thus, ‘blocking of
types. The major site of expression in the adult organism is in the VEGFR-3 signaling by receptor bodies suppressed tumor-induced
lymphatics, and it has been employed as a marker for lymphatic lymphangiogenesis and regional lymph node metastasis in animal
vessels in normal and pathological tissue samples? and has been  lung and breast cancer models.383° A considerable body of liter-
used to demonstrate an apparent lymphatic origin of Kaposi's ature suggests that VEGF-C and VEGFE-D expression in human
sarcoma cells.!5 VEGFR-3 is one of several markers for lymphatic  tumors correlates with metastasis to regional lymph nodes and
endothelial cells. Others include LYVEL, podoplanin and prox-1.33  poor prognosis (reviewed in reference 40). For example, in a study
In addition to being expressed on lymphatic endothelial cells, with gastric cancer samples, it could be demonstrated that
VEGFR-3 has also been detected on the cells of the hematopoietic  VEGFR-3 expression is localized on endothelial cells of lymphatic



190
187 | 'P<0.0001 ,
~161 7 I
= I
(O i
214 .
&
E” 12 ‘ g
£107 g
™ 1 M
8 P<0.01 |
Q.17 A
> 6] p<o,05\ :
f
4 . :
. .
2 -+ .
s ~+
0

breast colon lung gastric kidney

FiGure 7 - Protein levels of VEGFR-3 in various cancer tissues
measured by ELISA. Significant differences were found between
kidney ‘tumors (n = 27) and all the other kinds of cancer groups
{p<<0.001), between gastric cancer (» = 10) and the other groups
(p<0.01), and between lung cancer {(n = 9) and the other groups (p <
0.05), but not between breast (n = 18) and colon {# = 10) cancer
(Mann-Whitney U test).

vessels and that VEGF-C secreted from cancer cells may directly
induce the proliferation of lymphatic vessels in the stroma of
primary gastric cancer; similar mechanisms have been proposed in
thyroid tissue from patients with auto-immune disease.$142 Several
reports have reported elevated levels of VEGFR-3 expression in
tumors. 414344 Nevertheless, a lack of correlation between density
of a variety of lymphatic markers and lymphatic metastasis in
cancer patients has also been reported.*5 The ELISA we report
here should help to resolve these conflicting findings, especially as
with the exception of a few studies using antibodies to detect
VEGFR-3 by immunohistochemistry, most investigations used
RT-PCR or Northern blot techniques. However, several limitations
of protein expression analysis, like the spatial resolution in tissue
samples, highest sensitivity of protein detection, expression of
YEGFR-3 also on blood vessels cannot be resolved by the ELISA
technique alone and need further investigations by using different
techniques and meodel systems. A VEGF-C/VEGFR-3 autocrine
loop could be verified in a subset of acute leukemias to promote

BANDO ET AL.

survival and proliferation of these cells.6 The VEGFC ,
VEGER-3 ELISAs that we have developed could be usefyj fnd
screening for the subset of leukemia patients with this autocﬁ[?;
loop. ’

Our first, though limited ELISA study of VEGFR-3 levels ;
breast, colon, gastric, lung and kidney tumor samples indicateg
that VEGFR-3 concentration varies among the different tumor
types and is higher in kidney and in lung tumor than the olher
cancers. In some of our earlier studies with normal kidney tissue
we reported that VEGFR-1 and VEGFR-2 are both upregulyteg
and, together with the abundant detectable VEGF-A, the function
in the adult kidney may be independent of angiogenesis.1s The
upregulation of the receptors may be a consequence of microvag.
cular permeability or seen in context with the fenestrated endothe.
lium. Therefere we cannot exclude the possibility that the elevated
VEGFR-3 concentration we measured in the tumor kidney samples
may reflect endogenous constitutive expression in the adult kicdney
and less upregulation due to the microenviroment of the tumer.

In our immunohistochemical study, colocalization of CD3] with
VEGFR-3 was found in capillaries but in mest cases, VEGFR-3
staining was absent or very faint in large vessels. The result of the
experiment was in good agreement with the report from Witmer et
al?! that showed that in normal kidney tissues, VEGFR-{ is
present in glomerular or other capillaries, venule or veins, and iy
basement membrane in tubuli, while VEGFR-3 was present op
capiilaries and in lymphatics but not on venules, veins or basement
membrane of tubuli.

In kidney tumors, VEGFR-3 expression was compared 10 that of
the other members of the VEGF family. The concentration of
VEGFR-3 was significantly correlated with its ligand VEGE-C, as
expected, Surprisingly, a stronger correlation was detected with -
free VEGF-A, which is not reported to be a ligand for VEGFR-3,
The physiological significance of this unexpected finding is not
clear at the moment, but it is also evident from other studies that
VEGF-A and VEGFR-2 are often upregulated in tumor tissues,
probably by different underlying mechanisms.#74% It can be spec-
ulated that VEGFR-2 and VEGFR-3 may be regulated by similar
mechanism in tumors independent by hypoxia. It needs still to be
discussed in which way VEGFR-3 can contribute to tumer lym-
phangiogenesis, angiogenesis, tumor progression or metastasis. To
investigate the clinical significance of VEGFR-3 in tumor biology,
we believe that our new ELISA for VEGFR-3 measurements will
be very useful.
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A phase | clinical trial was started in order to determine the recommended doses of capecitab-
ine and epirubicin, when administered in combination with a fixed dose of cyclophosphamide
(600 mg/m? day 1 3 weeks) in patients with inoperable or recurrent breast cancer. This study
consists of five dose levels with combinations of three levels of epirubicin (75, 90 and 100
mg/m? day 1 g3 weeks) and three levels of capecitabine (1255, 1657 and 1800 mg/m?day
consecutive administration for 2 weeks followed by 1 week of rest). Dose escalation and de-
escalation decisions are based on a continual reassessment methed (CRM). We conducted a
survey of the clinical oncologists participating in this trial to determine the dose escalation/
de-escalation rule, including a prior distribution for model parameters used in the CRM.

Key words: capecitabine — continual reassessment method — breast cancer - phase [ trial

INTRODUCTION

Infusional S-fluorouracil (5-FU) produces remarkable anti-
tumor effects in breast cancer and has been widely used in
combination chemotherapy with cyclophosphamide and
adriamycin (CAF, C: cyclophosphamide, A: adriamycin, F: 5-
FU) as a gold standard (1). However, the accumulation of
adriamycin causes serious cardiotoxic effects. Thus, a phase
[ clinical trial of CEF chemotherapy in which adriamycin
was replaced with epirubicin, was conducted to determine the
recommended doses (RD) (2). Furthermore, infusional 5-FU
has not been favored due to its cumbersome mode of adminis-
tration by drip infusion via a peripheral venous infusion line.
Thus, a research team from the European Organization for
Research and Treatment of Cancer (EORTC) conducted a
phase 1 clinical trial of the CEX regimen, a combination
chemotherapy in which 5-FU was replaced by capecitabine (3).

For reprints and all correspendznce: Satoshi Morita, Department of
Epidemiclogical and Clinical Research Information Management, Kyoto
University Graduate School of Medicine, Yoshidakonoe-cho, Sakyo-ku,
Kyoto 606-8501, Japan. E-mail: smorita® pbh.med.kyoto-u.ac.jp

Capecitabine is a novel oral fluoropyrimidine derivative known
to be tolerated at high doses. It is specifically designed to be
selectively converted to 5-FU at the tumor lesion through a
three-step enzymatic metabolic process, following oral admin-
istration (4). Capecitabine monotherapy demonstrated high
antitumor activities against metastatic breast cancer (5,6).
Although a phase I study of CEX chemotherapy was con-
ducted by the EORTC research team, a concern was raised
regarding the possible differences in the RD of CEX between
Caucasians and Japanese. In order to resolve this concern, we
decided to conduct a clinical trial to determine the RD for CEX
treatment, i.e., combination chemotherapy of epirubicin and
capecitabine with a fixed dose of cyclophosphamide, in Japa-
nese breast cancer patients. Assessment of dose escalation and
de-escalation of dosage is based on a continual reassessment
method (CRM) (7,8). In order to obtain prior information for
CRM, more specifically, the reference information used to
determine the escalation/de-escalation rule regarding the initial
dose and dosage, we conducted a survey of the participating
clinical oncologists while setting up the study protocol.

© 2004 Foundation for Promotion of Cancer Research



PROTOCOL DIGEST OF THE STUDY

PURPOSE

To determine the maximum tolerated dose (MTD) and recom-
mended dose (RD) for a future phase II trial of combination
therapy of capecitabine and epirubicin with a fixed dose of
cyclophosphamide in patients with inoperable or recurrent
breast cancer.

STUDY SETTING AND PROTOCOL REVIEW

QOpen-label, phase [ clinical trial. The protocol was approved
by the Protocol Review Committee of the Japan South West
Oncology Group.

ENDPOINTS

Primarily, adverse events. Secondarily, objective tumor
response and pharmacokinetics of capecitabine and epirubicin.

ELIGIBILITY CRITERIA

Patients with a histologically-confirmed diagnosis of inopera-
ble or recurrent breast cancer were eligible.

INCLUSION CRITERIA

1. Inoperable (stage IIIB, excluding patients for whom radia-
tion or surgery is not indicated or stage IV) or recurrent
{with metastates or local recurrence observed after surgery)
breast cancer
. Histologically-confirmed breast cancer
. Age ranging from 20-74 years
. No effects of previous antitumor therapy
. No radiation therapy at the targeted lesion prior to enroll-
ment
. ECOG performance status 0-1
. Sufficient organ function
8. In patients with a history of anthracycline treatment, a left
ventricular ejection fraction (LVEF) level confirmed to be
within the norma! range (not less than 50%) by echocardi-
ography or radionuclide angiocardiography

9. Life expectancy longer than 12 weeks

10. Capable of ingestion

I 1. Measurable disease according to RECIST

12. Written informed consent

th oW

-~ o

ExcLuUsION CRITERIA

1. Women with ongoing pregnancy, breast feeding or contem-
plating pregnancy

2. History of solid organ or bone masrow transplantation

3. Allergy to fluoropyrimidine-based drugs and a history of
severe adverse effects

4, CNS diseases which require clinical treatment

5. Mental disorders that may atfect ability or willingness to
provide informed consent or abide by the study protocol
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6. HBs antigen positive or HCV antibody positive

7. Cardiovascular diseases with any clinical concerns (con-
gestive heart failure, symptomatic coronary artery disease,
arthythmia uncontrolled by medication, etc.)

8. Patients with active multicancer

9. Evidence of pleural fluid/pericardial effusion, which needs
medical attention

10. Evidence of active intestinal ulcer or hemorrhage

11. Complications with varicella

12. Any other cases for which the investigator disapproves of
patticipation in this clinical trial

REGISTRATION

Participating investigators should send an eligibility criteria
checking report via Fax to the ECRIN Data Center after con-
firmation of the above criteria. Patients are then registered.
Information regarding the necessary follow-up examinations
and recommended chemotherapy schedule is then sent from
the Data Center.

TREATMENT METHODS

The five dose levels scheduled for epirubicin and capecitabine
in combination with 600 mg/m? of cyclophosphamide are as
follows: Level 0: 75 mg/m? and 1255 mg/m?; Level 1 (starting
dose): 75 mg/m? and 1657 mg/m?; Level 2: 90 mg/m? and 1657
mg/m?% Level 3: 90 mg/m? and 1800 mg/m?; Level 4: 100
mg/m? and 1800 mg/m?2. These doses were established in light
of data from previously conducted phase I trials (3,9,10), Cape-
citabine is administered orally twice daily for two weeks. In
Japan, the approved dosage of capecitabine is 1657 mg/m¥day,
and the approved schedule is a three-week administration of
this dose followed by one week of rest. In this study, the dose
intensity of capecitabine at Levels 3 and 4 is milder than that of
the approved regimen. Moreover, although the doses of epiru-
bicin at Levels 2 to 4 (90 and 100 mg/m?) are not approved in
Japan, [00 mg/m? of epirubicin has been tested in a phase I
trial (3). In this study, cyclophosphamide and epirubicin are
administered intravenously on day 1 of each treatment cycle. In
addition, based on the body surface area (BSA), the subjects
are clivided into three subgroups (BSA <1.31 m? .31 m?
<BSA <1.64 m? and BSA <1.64 m?) in order to adjust respec-
tive doses. One cycle consists of 3 weeks of consecutive
administration and is repeated for two cycles. Toxicological
effects are assessed after completion of two cycles. Thereafter,
administration is continued for four cycles, if possible. For
patients previously treated with adriamycin, extreme caution
must be taken so as to not exceed a total dose of 900 mg/m? of
epirubicin in each case. Patients should receive capecitabine
for as Jong as possible even after completing the set dosage
cycle. Discontinuation of therapy should be based on blood
cell counts and hepatic and renal function prior to initiation of
each treatment course, Drug doses should not be modified
during the first and second cycles.
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DEFRINITION OF DOSE LIMITING TOXICITY

Dose limiting toxicity (DLT) is defined as the occurrence of
any one of the following observed during the first and second
cycles of treatment: (a) grade 4 leukopenia and neutropenia for
7 days or more, (b) grade 3 neutropenia along with fever for
3 days or more, {c) grade 4 thrombocytopenia, (d) grade 3
plantar-palmar erythrodysesthesia, (¢) grade 3 or greater non-
hematologic toxicity excluding alopecia and nausea/vomiting
and (f) total treatment interruption lasting for more than 2
weeks.

FoLLow-UP

Patients are examined by their physicians every week. Thoracic
computed tomography or radiography, abdominal computed
tomography and measurements of the tumor markers CEA and
CA15-3 are performed after every two treatment cycles as well
as at baseline. Blood tests and symptom checks are carried out
before treatment and every week during treatment, When grade
3 neutropenia is observed, oral antibiotic drugs are prescribed,
and the patient is also instructed to contact her or his physician
as soon as she or he develops fever. Urinalysis, measure-
ments of body weight and vital signs and assessment of ECOG
performance status are done before treatment and at the end
of each treatment cycle.

STUDY DESIGN AND STATISTICAL METHODS

In this study, a dose escalation/de-escalation decision is made
using the CRM calculations (7,8). The target toxicity level is
set at 33%. The RD of this study is determined to be the dose
that is closest to the level at which 33% of patients would
experience the DLT. The MTD of this trial is defined as the
dose level that is one level higher than the final RD. The first
included patient is treated at Level 1. After enrollment of the
first patient, the CRM runs sequentially in three patients per
cohort. Each cohort is treated at the dose level with an esti-
mated probability of DLT closest to the target toxicity level
(33%). Bypassing more than one dose level is not permissible
in the CRM calculations.

We carried out a survey to determine a prior distribution for
a model parameter employed in the CRM. This was done by
asking eight breast cancer oncologists participating in this trial,
to predict the RD based on their knowledge and experiences
with respect to three chemotherapeutic drugs. We employed a
gamma distribution as a prior distribution reflecting results of
the survey. In addition, this study applies a stopping rule pro-
posed by O'Quigley (2002) to bring the trial to an early halt
before including the entire sample size of patients (n = 22)
(L1). After completing the toxicity assessment for each cohort,

we calculate the probability that a certain dose level adminis-
tered to a cohort is the dose level recommended to all remain-
ing patients in the study and is the final RD.

INTERIM ANALYSIS AND MONITORING

The Data and Safety Monitoring Committee {DSMC) inde-
pendently reviews the interim analysis and can consider
stopping the trial early. Protocol compliance, safety and on-
schedule study progress are also monitored by the DSMC.

PARTICIPATING INSTITUTIONS

Tokyo Metropolitan Komagome Hospital (Department of Sur-
gery), Jichi Medical School (Department of Surgery), Cancer
Institute Hospital (Clinical Chemotherapy), Jikei University
School of Medicine (Department of Hematology and Oncol-
ogy), Aichi Cancer Center Hospital (Department of Breast
Surgery) and National Kyushu Cancer Center (Department of
Breast Surgery).
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