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Abstract

Meningiomas are the second most common primary tumors of the central nervous
system. Although most are benign, those afflicted with the malignant variety often face a
poor prognosis due to lack of effective treatment modalities. This inquiry examined the
presence of autocrine growth stimulatory mechanisms involving platelet-derived growth
factor (PDGF), transforming growth factor-o. (TGF-a), and vascular endothelial cell
growth factor (VEGF), and determined the cytotoxic effects of the recombinant
Pseudomonas exotoxin, TP-38, targeted to the epidermal growth factor (EGF) receptor as
a novel therapeutic agent in three human malignant meningiomas cell lines. Northern
blot analysis was used to detect mRNA for PDGF, PDGF receptor, TGF-a, EGF
receptor, and VEGF receptor; and enzyme-linked immunosorbent assay detected secreted
VEGF. Results indicated significant secretion of VEGF by the three cell lines without
evidence of expression of VEGF receptor (subtype 2). PDGF (subtype BB) and its
cognate receptor (subtype 3) were found to be coexpressed in all cultures, whereas EGF
receptor was expressed in variable quantities without coexpression of TGF-a.. TP-38 was
found to be cytotoxic in all three cultures with a median lethal dose ranging from 0.2 to 6
ng/ml. This effect was consistent with relative levels of EGF receptor expressed by the
cells and was completely inhibited in presence of excess EGF, indicating that TP-38
exerts its effects through the EGF receptor. This study suggests the potential presence of
an autocrine growth stimulatory loop for PDGFgg but not for TGF-a or VEGF in the cell
lines. Also, the recombinant toxin TP-38 was found to be effective in promoting
cytotoxicity in cells bearing EGF receptors and may have use as a novel

chemotherapeutic agent in the treatment of malignant meningiomas.
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Introduction

Meningiomas are primary tumors of the central nervous system that arise from the
arachnoid meninges which sheath the brain and spinal cord (1). Most of these neoplasms,
which represent 15-20% of all primary brain tumors, are benign (2), with an incidence
that varies from 1 to 6 per 100,000 population (3) and increases with age (4).
Meningiomas are most common in the seventh decade of life for women and the sixth
decade for men (5), with a male to female ratio of 1:1.25-2.0 (6). These tumors are
extremely rare in children; however, when they do occur, they often have an aggressive
course (7).

The World Health Organization has classified meningiomas as typical (benign),
atypical, and anaplastic (malignant). Benign meningiomas are generally slow-growing
(8); and although various histologic types exist, none is believed to have any prognostic
significance (2). Atypical tumors are distinguished from those that are benign by
evidence of cellular sheeting, high cellularity, nuclear pleomorphism, prominent nucleoli,
increased number of mitoses, and necrosis (2). Such features portend an increased
likelihood for recurrence and aggressiveness to atypical meningiomas (9). In addition to
these characteristics, the malignant variety, which comprises nearly 5% of all
meningiomas (7), shows invasion into the brain and frequent metastases. Common sites
of extracranial dissemination include lungs, bones, abdominal organs, muscles, and
lymph nodes (6, 10).

Although there have been many advances in cancer therapy during recent years,
treatment of primary malignancies of the central nervous systems, especially

meningiomas, remains relatively constant, with surgical resection constituting the main
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therapeutic modality. Furthermore, the capacity of malignant meningiomas for local
invasion, combined with their occurrence in a spatially constrained and anatomically
complex organ, presents a surgical challenge. Therefore, control of tumor growth by
alternative means of treatment is often advantageous. However, the only validated form
of adjuvant therapy at this time is radiation since many of the chemotherapeutic agents
that are commonly effective against soft-tissue tumors have had only a modest impact on
survival of patients suffering from malignant meningiomas (2). And even with the best
therapy available, the overall rate of recurrence of this malignant neoplasm is 78% at S
years (11) with a survival rate of only 50% during the same period of time (12). Given
these limitations of the current modes of therapy, there has been accumulating interest in
investigation of malignant meningiomas on the molecular level — namely study of the
role of growth factors — in order to devise new therapeutic approaches in the form of
specifically-targeted agents.

Growth factors are polypeptides that are required by normal cells for proper
growth and differentiation (13). They are released by cells and generally exert their
effects by both autocrine and paracrine mechanisms. The former involves attachment of
the molecule to receptors which belong to the cell itself, whereas in the latter, the
released polypeptide binds to receptors on adjacent cells (6). The receptors for many
growth factors belong to the transmembrane receptor family with intrinsic tyrosine kinase
activity. In this group binding of the ligand leads to dimerization and activation of the
receptor with subsequent reciprocal phosphorylation by tyrosine kinase portion of the
receptors, located on the intracellular domain. A cascade of second messengers is then

initiated which ultimately leads to gene expression and cell growth. In the absence of
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proper regulatory mechanisms, any processes that lead to constitutive activation of such
tyrosine kinase receptors have the potential to promote aberrant cellular proliferation and
tumorigenesis (14). Many identified human oncogenes, including those described in
conjunction with central nervous system malignancies, encode components of the
biochemical pathway mediated by activation of growth factor receptors (13). Three such
examples are platelet-derived growth factor (PDGF), vascular endothelial cell growth
factor (VEGF), and transforming growth factor-alpha (TGF-a) (8, 14-44).

Initially discovered as a molecule contained in human platelets (25), PDGF is a
potent mitogen for a wide variety of cells including glia (16). Biochemical
characterization has determined that PDGF is composed of two distinct subunits A and B,
which share 60% identity in their amino acid sequence in humans. Functionally active as
dimers linked by disulfide bonds (15) these molecules exist as both the heterodimer
(PDGF 48) and homodimers (PDGFaa and PDGFgg) (16). The receptor for this growth
factor (PDGF-R) exists in o and B subunits that can combine to form aa, afy, and B
isoforms; however, only the B form (PDGF-Rg) has been found in meningiomas (18,
23).

The potential for presence of PDGF autocrine and paracrine stimulatory
mechanisms has been postulated for a variety of neoplasms including melanoma (45),
esophageal (46), gastric (47), and colorectal adenocarcinoma (48, 49), basal cell cancer
(50), choriocarcinoma (51), breast cancer (52), Kaposi’s sarcoma (53), ovarian cancer
(54), non-small cell lung carcinoma (55), and prostate cancer (56). Initial indications for
the importance of this growth factor in the development of brain tumors resulted from

observations that intracranial injection of the simian sarcoma virus carrying v-sis, the

Page 3



homologue of PDGFgp gene, led to the induction of brain tumors in monkeys (57).
Furthermore, only cell lines that expressed PDGF receptors could be transformed by
transfection with v-sis (26). In addition, several studies have described coordinate and
elevated expression of PDGFpg and PDGF-Rg as a common feature of human
meningiomas (18, 29, 58, 59). These findings, along with the observation that PDGF-Rg
has affinity only for the PDGFgp chain (16), suggest the involvement of an autocrine
mechanism for PDGF in meningioma tumorigenesis (17, 20, 26, 27, 29). However, the
number of such studies focusing on malignant meningiomas is very limited, which
warrants an investigation into the role of PDGF and its receptor in the pathophysiology of
these tumors.

VEGF is another growth factor that has been implicated in angiogenesis (60-62),
endothelial cell migration and proliferation (63-65), vascular permeability (24, 66), and
facilitation of tumor invasion through stromal degradation (67). Four isoforms of VEGF,
resulting from alternate splicing, have been identified which contain 121, 165, 189, and
206 amino acids (68-71), with VEGFe¢s being the predominant isoform (72). The
biological functions of this growth factor are mediated through two receptors, Flt-1 (fins-
like tyrosine kinase-1) and KDR (kinase-insert-domain-containing receptor), of which the
latter, also known as VEGF receptor subtype 2 (VEGF-R;) seems to be biologically more
important (73-75). These receptors are primarily expressed on vascular endothelial cells,
consistent with the main biological function of VEGF as a highly potent angiogenic
growth factor (76-78). The expression of the ligand and growth factor are coordinately
upregulated in the developing brain (76, 77, 79), with low to undetectable levels of both

in the normal adult central nervous system (70). However, studies have found that the
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progression of low-grade astrocytomas to a highly vascularized glioblastoma is
associated with increased VEGF messenger ribonucleic acid (nRNA) expression by the
tumor cells (80, 81). The endothelial cell growth associated with malignant astrocytomas
has also been linked to upregulation of VEGF-R, mRNA (70, 81-83). These data are
consistent with a paracrine role for VEGF in brain tumor angiogenesis, with this growth
factor being released by the cancer cells and stimulating the growth of local vascular
endothelial cells. Three recent studies have suggested a similar role for VEGF in
meningiomas where levels of this agent were strongly correlated with peritumoral edema,
which is commonly seen in the setting of malignant meningiomas (22, 24, 31). One of
these studies also found a strong correlation between VEGF in peritumoral edema and
vascularity (31), further suggesting the involvement of a paracrine mechanism. However,
there have been very few investigations into the role of VEGF as a growth-stimulating
agent for the neoplastic cells themselves. Given the polyfunctional nature of this growth
factor, its involvement in paracrine angiogenesis, and the observation that VEGF shares
20% homology with PDGF (84), it appears reasonable to examine the potential
involvement of this agent in proliferation of malignant meningiomas.

TGF-oo has also been implicated in the proliferation of brain tumors. This
polypeptide binds with high affinity to the epidermal growth factor receptor (EGF-R)
(85), which is the proto-oncogene counterpart of the v-erb-B/ oncogene, implicating a
potential role for this receptor in tumorigenesis. Although meningiomas have been
shown to produce both EGF and TGF-a, the latter seems to be predominant (38). EGF-R
has also been found at an elevated level in human astrocytoma (86) and glioblastoma cell

lines (87) and in meningiomas (33, 43, 85). In addition, stimulation of EGF-R has been
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found to enhance in vitro growth of glial tumors (88) and meningiomas (89), while
inhibition of the receptor halted such effects in gliomas (90). Furthermore, one study

detected the presence of TGF-oo mRNA in 11 of 15 malignant glioma cell lines and EGF-

R mRNA in all 15 cultures (91). These data strongly suggest that TGF-a. and EGF-R
may be involved in growth of brain tumors through an autocrine mechanism (85), and a
study of this growth factor and receptor system in malignant meningiomas is warranted.

Despite growing knowledge of cancer biology, there have been few recent
advances affecting clinical outcome in neuro-oncology. Treatment failure in patients
with brain neoplasms involves various processes including intrinsic resistance of tumors
to radiation and chemotherapy (92, 93) and local recurrence (94). However, with the aid
of accumulating data regarding the role of growth factors in the pathophysiology of
meningiomas, new chemotherapeutic agents are being devised. One such class of drugs
is recombinant toxins, which are cytotoxic agents that are constructed using gene splicing
techniques, where growth factors, serving as the targeting moiety, are fused to protein
toxins. Several bacterial toxins have been used to produce these chimeric molecules (95),
and TP-38 is prototypic of a growing group of recombinant toxins designed for such
targeted cancer therapy using the EGF-R.

TP-38 is composed of TGF-a and a genetically engineered form of the
Pseudomonas exotoxin A, PE-38. The exotoxin itself is a 66kD protein with three
distinct domains: Ia/Ib, II, and III. Domain Ia (amino acids 1-252) binds to a receptor
which is present on most animal cells; the function of domain Ib (amino acids 365-399) is
currently not known. Domain II (amino acids 253-364) mediates translocation of the

toxin fragment into the cytosol (96, 97), where domain III (amino acids 400-613),
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containing adenosine 5’-diphosphate ribosylating activity, leads to cell death by
inactivating Elongation Factor 2, a vital component of the cell’s protein synthetic
machinery. In TP-38, the native Ia/Ib domain is replaced with TGF-a, which results in a
modified version of the toxin. This agent contains amino acids 253-364 and 381-613,
and selectively targets cells expressing EGF-R with negligible toxicity to other cells due
to its inability to bind to proper cell membrane receptors (98, 99). Many primary brain
tumors, including meningiomas, have high EGF-R expression, whereas the concentration
of these receptors in normal brain is relatively low (100, 101). Therefore, cytotoxic
agents targeted to may EGF-R have a high therapeutic index for treatment of such tumors
(98).

In vitro studies have demonstrated the specificity of this agent for the EGF-R by
demonstrating the ability of TP-38 to inhibit the binding of radiolabelled EGF to its
receptor on non-small cell lung carcinoma cells. The concentration required to inhibit
binding by 50% ranged from 100-2000 ng/ml in these cells (102). In another study, the
concentration of TP-38 needed to inhibit 50% of protein synthesis in glioblastoma cells
expressing EGF-R was 200-fold less, ranging from 0.5-10 ng/ml (95). However, there
have been no studies evaluating the effects of TP-38 on malignant meningiomas;
therefore, an investigation into its effects on these tumors of the central nervous system is
appropriate.

To further elucidate the role of growth factors in the genesis and progression of
malignant meningiomas, this inquiry aims to detect the presence of autocrine stimulatory
mechanisms involving PDGF-Rg, VEGF-R;, and EGF-R in three low-passage human

malignant meningioma cell lines. Furthermore, in order to evaluate the potential clinical
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applications of the recombinant toxin, TP-38, in the treatment of these tumors, this study
evaluates the effects of this agent on the proliferation of these cells. It is hoped that this
information will aid in the development of a more effective therapeutic modality for these
neoplasms, which has thus far been hindered by the limited understanding of their

molecular biology.

Materials and Methods

Origin of Tumor Cell Lines

To obtain a diagnosis, a portion of each tumor specimen was fixed in formalin,
embedded in paraffin, cut into thin sections, and stained with hematoxylin and eosin
immediately following surgical resection. These specimens were then microscopically
examined, and the diagnosis was made according to standard classification criteria by a

neuropathologist.

Monolayer Cell Cultures

For establishment of the primary cultures, a representative portion of the tumor
was minced into pieces smaller than 1 mm® within 4 hours of surgical excision. The
tissue was then dissociated into single cells using an enzyme cocktail consisting of
pronase (0.05% of proteolytic units/mg), collagenase (0.02% of 125 units/mg), and
DNAse (0.2% of 7 x 10* dornase units/mg) for 30 minutes at 37 °C. The cells were then
transferred into 75-cm? flasks, and incubated in a 5% CO, humidified atmosphere in 15

ml of enriched medium consisting of Modified Eagle’s Medium (MEM) supplemented
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with 20% fetal bovine serum (FBS). The medium was changed once weekly until the
cells reached confluence at which time they were subcultured by treatment with 0.05%
trypsin containing ethylenediamine tetraacetic acid, and grown in the same medium at a
density of 1 x 10° cells per 75-cm? flask. Each subsequent passage was done by the same

procedure. All assays were done at passages 9 or 10.

Immunohistochemical Staining

Immunohistochemistry studies, staining for vimentin, epithelial membrane
antigen (EMA), and EGF-R, were performed on the three cell lines. Following fixation
of a confluent monolayer in ethanol, glass slides were incubated in the primary antibody
for 30 minutes at room temperature (vimentin and EMA) or overnight at 4 °C (EGF-R).
A biotinylated secondary antibody recognizing the primary antibody was applied for 10
minutes prior to a ten-minute application of an avidin-biotin-peroxidase complex.
Diaminobenzidine in tris-hydroxymethyl-aminomethane buffer was used as substrate for
development of the peroxidase reaction. Monolayers were then counterstained with
hematoxylin following the immunoperoxidase reaction. Tissues known not to express

vimentin, EMA, and EGF-R served as control for the corresponding stain.

Enzyme Linked Immunosorbent Assay (ELISA)

To determine the concentrations of VEGF present in tissue culture medium
conditioned by the three cell lines, the quantitative ELISA method was employed using
the QuantiGlo. Human VEGF Imunoassay Kit (R&D Systems, Inc.) according to

manufacturer’s recommended protocol. Briefly, a 96-well microtiter plate was precoated
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with murine monoclonal antibody against VEGF. Following addition of a buffered
protein base to each well, samples of supernate from each of the three cell lines (at ~90%
confluence following 6 days of incubation) were placed in triplicates into separate wells,
and incubated at room temperature for two hours. The wells were then rinsed with a
concentrated solution of buffered surfactant (washing buffer), and incubated at room
temperature for 3 hours in a solution containing polyclonal antibody against human
VEGF conjugated to horseradish peroxidase. Following a rinse with the washing buffer,
the wells were subjected to enhanced luminol and hydrogen peroxide at room
temperature for 25 minutes, after which time the emitted light was measured in Relative
Light Units (RLU) using a luminometer. A standard curve was generated by plotting
RLU versus concentration using values for standard VEGF samples. Concentrations of
VEGF in the samples of cell lines were then determined by interpolation from the
standard curve, and adjusted for the total number of cells. Samples of medium from
stock and from a culture containing normal meningeal cells were used as negative control
and the medium conditioned by a culture of established glioblastomas was used as

positive control and found to be in agreement with previously published data (103).

Northern Blot Analysis

For each of the three cultures, RNA isolation was initiated by incubation of cells
in a monophasic reagent containing phenol and guanidium isothiocyanate for 5 minutes at
room temperature. Following addition of 0.2 ml of chloroform for each 1 ml of reagent,
the solution was further incubated at room temperature for 3 minutes. Samples were then

centrifuged at 12,000g for 15 minutes at 4 °C to produce a triphasic solution. The
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aqueous phase was isolated, and RNA was precipitated by incubation with 0.5 ml of
isopropyl alcohol for each 1 ml of reagent initially used for 10 minutes at room
temperature. Following centrifugation at 12,000g for 10 minutes at 4 °C, the supernate
was discarded and the remaining RNA pellet was suspended in 1 ml of 75% ethanol for
each 1 ml of reagent initially used. The solution was then centrifuged at 7,500g for 5
minutes at 4 °C, the liquid phase removed, and the remaining RNA pellet was air dried at
room temperature and dissolved in RNAse-free water. The concentration of RNA was
measured by determination of absorbance at 260 nm with a spectrophotometer, and purity
ascertained by calculation of ratio of absorbances at 260 nm and 280 nm. Integrity of the
isolated RNA was determined by separation of a representative portion of the sample on a
1% denaturing formaldehyde-agarose gel.

To perform the Northern blot, 20 pg of RNA from each cell line along with 5 pl
of formaldehyde loading buffer were loaded on a 1% formaldehyde-agarose gel
following denaturation with 2.5 pl of 10X 3-[N-morpholino]propanesulfonic acid
(MOPS) running buffer, 4.5 ul of 12.3M formaldehyde, and 12.5 pl of formamide at 55
°C for 15 minutes. Electrophoresis was then performed for 3 hours at 100 V and the
RNA was ultraviolet cross-linked to a nylon membrane. The blots were then
prehybridized at 42 °C for 4 hours in a mixture of degraded salmon sperm DNA (5
mg/ml), 50% formamide, 5X standard sodium citrate (0.15M NaCl, 0.015M sodium
citrate), 10X Denhardt’s solution, 50 nM NaPO4, 1% sodium dodecylsulfate (SDS), and
10 pug/ml free acid. The blots were hybridized overnight at 42 °C in a solution of 50%
formamide, 5X standard sodium citrate, 1X Denhardt’s solution, 20 mM NaPQ,, 0.5%

SDS, 5% dextran sulfate, 20 pg/ml free acid, degraded salmon sperm DNA (5 mg/ml),
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and 10° cpm/ml of **Phosphorus-labelled complementary DNA probe. Blots were then
washed twice serially in 2X standard sodium citrate containing 0.1% SDS at 42 °C for §
minutes, then for 30 minutes at the same temperature, followed by 30 minutes at 55 °C.
After washing, blots were exposed to x-ray film for 16 hours to 1 week and the
autoradiograms were quantified by densitometry. The band densities were normalized to
that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to account for RNA
loading differences among the cell lines.

The DNA fragments used for hybridization in the Northern Blot included a 2.6 kb
BamH1 PDGFpgp chain cDNA, 2.65kb Accl and BamH1 PDGF-Rg cDNA, 925 bp EcoRI
TGF-a cDNA, 2.4 kb Clal EGF-R cDNA, 3.1 kb Smal VEGF-R; cDNA, and 280 bp
HindIII and Pstl GAPDH cDNA. Using random primer translation, cDNA fragments

were labelled with Phosphorus-32 to achieve a specific activity of 25 x 10° cpm/ug DNA.

Chemosensitivity Assay using TP-38

Cells from each of the three cell lines were transferred into 25-cm? flasks at a
density of 1 x 10° cells per flask, containing a total fluid volume of 5 ml. Flasks were
subsequently divided into four distinct groups, the components of which are summarized
in Table 1. Following seven days of incubation at 37 °C in a 5% CO, humidified
atmosphere, the medium was discarded and flasks were treated with 0.05% trypsin in
order to mobilize the cells and facilitate determination of number of live cells per flask by
using a hemocytometer. Trypan blue was utilized to determine cell viability. In a
previous study the Pseudomonas toxin/TGF-o construct was found to retain full activity

after seven days of incubation at 37 °C, without any evidence of degradation (95).
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Table 1. Chemosensitivity assay design
Group Components

Control-A MEM + 20% FBS

MEM + 20% FBS + TP-38 (0.005 ng/ml)
MEM + 20% FBS + TP-38 (0.05 ng/ml)
Experimental-A MEM + 20% FBS + TP-38 (0.5 ng/ml)
MEM + 20% FBS + TP-38 (5.0 ng/ml)
MEM + 20% FBS + TP-38 (50 ng/ml)

MEM + 20% FBS + EGF (1 ng/ml)
MEM + 20% FBS + EGF (10 ng/ml)
Control-B* MEM + 20% FBS + EGF (100 ng/ml)
MEM + 20% FBS + EGF (1,000 ng/ml)
MEM + 20% FBS + EGF (10,000 ng/ml)

MEM + 20% FBS + EGF (1 ng/ml) + TP-38 (0.005 ng/ml)
MEM + 20% FBS + EGF (10 ng/ml) + TP-38 (0.05 ng/ml)
Experimental-B* MEM + 20% FBS + EGF (100 ng/ml) + TP-38 (0.5 ng/ml)
MEM + 20% FBS + EGF (1,000 ng/ml) + TP-38 (5.0 ng/ml)
MEM + 20% FBS + EGF (10,000 ng/ml) + TP-38 (50 ng/ml)

* The concentration of TP-38 required to inhibit the binding of EGF to its receptor (102) was 200 fold more than that
needed to inhibit protein synthesis (95). Therefore, in Control-B and Experimental-B EGF was used at 200 times the
TP-38 concentration in order to inhibit binding of the latter to the EGF-R as a competitive inhibitor.

Growth Kinetics in Presence of TP-38

For each of the three cell lines, 25-cm? flasks, each containing 1 x 10° cells in 5
ml of MEM + 20% FBS, were incubated at 37 °C in a 5% CO; humidified atmosphere.
TP-38 was then added to the flasks at four different concentrations of 0, 0.05, 0.5, or 5.0
ng/ml, and each flask was assigned to a distinct group based on the concentration of TP-
38 in the flask. On subsequent days, triplicates from each of these groups were treated
with 0.05% trypsin immediately following disposal of the medium and the number of live
cells per flask was determined by using a hemocytometer. Cell counts were determined
every three days and continued for a total period of 12 days. Trypan blue was used to

ascertain cell viability.
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Statistical Analysis
Differences in mean cell counts for the chemosensitivity analysis were evaluated
with the one-tailed Student’s t-test for paired data. For all tests, results exceeding the

level of p = 0.05 were considered statistically significant.

Results

Origin of Tumor Cell Lines
The patient profile and identification of the three tumor cell lines used in this

inquiry are listed in Table 2.

Table 2. Patient and tumor profiles for the cell lines

Cell Line Patient Age/Gender Tumor Location Tumor Diagnosis

SF-1625 45/Female Left Sphenoid Wing Malignant Meningioma
SF-1826 55/Male Left Parietal Lobe Malignant Meningioma
SF-3178 53/Female Right Temporal Lobe Malignant Meningioma

Histologic Characteristics

Figures 1A — 1I illustrate the results of histologic staining for cell lines SF-1625,
SF-1826, and SF-3178. Immunohistochemical analyses support the concept that
meningiomas can express both mesenchymal and epithelial phenotypes. All three cell
lines demonstrated staining for vimentin which is an intermediate filament found in cells
of mesenchymal origin especially meningiomas (104-106). The epithelial nature of these
cells is evidenced by immunoreactivity for epithelial membrane antigen which has been

shown to be variable in expression in these tumors (104, 106). In addition, Figure 2
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demonstrates positive immunostaining for EGF-R in all three cell lines indicating the

presence of this receptor on the surface of these cells.

Enzyme Linked Immunosorbent Assay for VEGF

An ELISA was used to detect the levels of VEGF in the supernate for the three
malignant meningioma cell lines, and revealed that each secreted a measurable quantity
of VEGF, as shown in Table 3. The relative concentrations of VEGF secreted by each of
these cultures under identical conditions (1 x 10° cells in MEM + 20% FBS for 6 days)
ranged from 818 pg/ml to 4590 pg/ml. The two control groups, which consisted of the

medium alone and a culture of normal meninges exhibited undetectable levels of VEGF.

Table 3. Concentrations of VEGF by ELISA in the conditioned medium of normal meninges and
the three human malignant meningiomas cell lines for two determinations

Sample VEGF Concentration (per 1 x 10° cells)
MEM + 20% FBS Background (<30 pg/ml)

Normal Meninges Background (<30 pg/ml)

SF-1625 818 pg/ml

SF-1826 4590 pg/ml

SF-3178 948 pg/ml

Northern Blot Analysis for PDGFgg, PDGF-Rg TGF-a, EGF-R, and VEGF-R;

Figure 3 depicts the results of the Northern blot analysis detecting the presence of
mRNA for PDGFgs, PDGF-Rs, TGF-a, EGF-R, and VEGF-R;. All three cell lines
expressed significant quantities of both PDGFgp and PDGF-Rg mRNA. Levels of EGF-
R were variable among the three cell lines with SF-3178 expressing the largest quantity,

SF-1625 exhibiting moderate expression, and SF-1826 showing the least amount of EGF-
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R mRNA. No TGF-a or VEGF-R; mRNA was detected in any of the cell lines.

Effects of TP-38 on the Cell Lines

Figures 4A — 4C show the effects of various concentrations of TP-38 on SF-1625,
SF-1826, and SF-3178. This agent was found to cause cell death in all three cell lines,
with LDso values (concentration of toxin necessary to kill half of the cells) of 6 ng/ml for
SF-1625, 0.5 ng/ml for SF-1826, and 0.2 ng/ml for SF-3178.  Cytotoxity was fully
inhibited in presence of excess EGF. The difference between Experimental-B and both
control groups was statistically significant (p < 0.005) at LDs, for all three cell lines.

Figures 5A — 5C illustrate the growth kinetics of SF-1625, SF-1826, and SF-3178
in presence of TP-38. All three cell lines showed the largest toxicity at maximum
concentration of 5 ng/ml; and consistent with levels of EGF-R mRNA, SF-3178
demonstrated the greatest response and SF-1826 showed the least amount of cytotoxicity.
Growth rate of the cells at concentrations of 0.05 and 0.5 ng/ml was variable among the

three cultures.

Discussion

Autocrine Stimulatory Mechanisms

Many neoplasms, including meningiomas, contain relatively large numbers of
growth factor receptors. Evidence is accumulating to support the hypothesis that these
receptors and their ligands may regulate the growth of tumor cells through an autocrine
mechanism. This inquiry investigated the presence of such mechanisms involving

PDGF, TGF-a, and VEGF in three human malignant meningioma cell lines. The results
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indicated the expression of PDGF, PDGF-Rg, VEGF, and EGF-R in all three cell lines,
whereas TGF-a and VEGF-R; were not detected.

The coexpression of PDGF-Rg and its cognate ligand, PDGFgp, suggests that this
growth factor and its receptor may be involved in autocrine growth stimulation in the
malignant meningiomas. Various other studies had also demonstrated the coincidence of
PDGFgp and PDGF-Rg in benign meningiomas (8, 28) and in all cases neutralizing
antibodies against PDGF were successful in retarding cell proliferation. These data lend
further support to the hypothesis that an autocrine stimulatory mechanism may indeed be
present in cells bearing this growth factor receptor and its ligand, and that this system
may be involved in neoplastic transformation and/or growth of meningiomas. However,
to further investigate this possibility it is necessary to demonstrate that the PDGF-R
mRNA is indeed translated into a functional receptor in these cell lines and that activation
of that receptor by its ligand promotes cell proliferation. Furthermore, it should be shown
that inactivation of the secreted PDGF, by neutralizing antibodies, leads to hindrance of
this proliferation.

Although the genetic aberrations that establish meningiomas and lead to their
proliferation have not been well characterized, it has been demonstrated that PDGFgp
mRNA and its protein product are absent in normal pachymeninges, whereas PDGF-R
was found to be expressed in these cells (29). Furthermore, intracranial injection of the
simian sarcoma virus carrying v-sis, the homologue of PDGFgg gene, led to the induction
of brain tumors in monkeys (57); and only cells expressing PDGF-R could be
transformed by transfection with v-sis (26). It has also been demonstrated that

approximately half of all meningiomas have deletions in chromosome 22 (107-109)
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suggesting that loss of function of a tumor suppressor gene at this locus, such as NF2,
may be involved in the etiology of meningiomas (110). This conjecture, although
requiring confirmation, may provide clues into the molecular events that take place in the
transformation of normal meninges into benign or malignant meningiomas.

PDGF appears to be related not only to tumor cell proliferation, but also to
metastasis. In a study of breast cancer, the expression frequency of PDGF mRNA of
tumors with lymph node metastases was as high as 92.3% which was two fold higher
than that of tumors without metastases (111). This is in accordance with the finding that
PDGF possesses protease activity (112, 113), which is required in the process of
metastasis. The observation that the three cell lines in this inquiry are derived from
meningiomas with a malignant diagnosis and that all express PDGF is also consistent
with the theory that this growth factor may play a role in metastasis, which is a feature of
malignant tumors.

Various investigators have also demonstrated that PDGF may exert its effects in
meningiomas in conjunction with other growth factors. For instance, activation of
PDGF-R and EGF-R stimulates cell proliferation in human meningioma cultures, with a
combination of both exerting a synergistic effect on DNA synthesis (89). This inquiry
demonstrated that EGF-R, but not TGF-o, is expressed in the three malignant
meningioma cell lines. Several other studies of benign meningiomas have also
demonstrated the overexpression of EGF-R (114) in the absence of TGF-a (85); thus,
suggesting that an autocrine stimulatory mechanism in benign or malignant meningiomas
is unlikely to exist for this growth factor. However, this finding does not rule out the

possibility of an autocrine mechanism involving the EGF-R, since this receptor has
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several other ligands, such as EGF, which may be secreted by these tumors.

A role for EGF-R in tumorigenesis is also suggested by several studies that have
demonstrated the simultaneous occurrence of EGF-R gene amplification and a
chromosome 10 deletion in high grade gliomas (115). In addition, the latter was found in
all tumors with EGF-R gene amplification (116). Thus, although the precise relationship
between these two alterations remains unclear (32), their coexistence implies a significant
role for them in the glioma growth stimulatory pathway. That is, the potential loss of
tumor suppressor activity through deletion of chromosome 10 may lead to aberrant cell
growth and tumorigenesis in setting of EGF-R amplification. Given the documented
presence of EGF-R in both benign and malignant meningiomas, investigation of the
above proposed model in these tumors may elucidate pathways that lead to initiation or
growth of these tumors.

Activation of EGF-R or PDGF-Rg has also been shown to induce the expression
of VEGF in brain tumors (38). All three cell lines in the current investigation were
demonstrated to express EGF-R and PDGF-Rg, and to secrete significant quantities of
VEGF. Although the mere coexpression of these growth factors and receptors in the
same cell does not necessarily demonstrate a relationship between tumor cell
proliferation and angiogenesis, it raises the possibility that such an association may
indeed exist. This is a reasonable concept since it implies that the same growth factors
that may lead to cell proliferation would ensure a sufficient blood supply to the growing
tumor by inducing vascular proliferation through secretion of VEGF. Given the
observation that normal brain endothelial cells do not express VEGF receptors (117,

118), inhibition of VEGF may, therefore, be an approach to the treatment of malignant
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meningiomas with potentially low side effects. However, in order to design effective
agents, the molecular biology of VEGF action must be better understood.

Recently, the transcriptional upregulation of VEGF was shown to be mediated by
activation of Ras which is an intracellular signal transduction protein (119). Stimulation
of EGF-R and PDGF-R also leads to Ras induction (31); therefore, it can be postulated
that activation of these two receptors causes upregulation of Ras, leading to both a
mitogenic signal to the nucleus and VEGF expression. Despite having a rational basis,
these proposed molecular events need to be validated in experimental paradigms.

The current study did not show the presence of VEGF-R on any of the cell lines;
thus, making the presence of a direct autocrine growth stimulatory signal in these cells
unlikely. However, by enhancing the blood supply of the growing tumor, increased
vascularity brings more growth factors and nutrients to the neoplastic cells in a self-

propagating cycle; thus, indirectly leading to the increase in tumor size.

Cytotoxicity of TP-38 In Vitro and Clinical Implications

TP-38 is a chimeric toxin composed of TGF-a (a ligand for the EGF-R) serving
as the targeting moiety and replacing the nonspecific cell surface-binding domain of the
Pseudomonas Exotoxin A. This construct was found to be active on the three human
malignant meningioma cell lines — all of which were shown to bear the EGF-R on their
surface. The potency of the cell killing is evident in the LDs, ranging from as low as 0.2
ng/ml to 6 ng/ml. The variability of activity observed among the three different cell lines
may be in part due to the dissimilarity in the number of EGF receptors expressed — as

demonstrated by mRNA analysis — or due to the differential efficiency of each cell line to
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internalize and process the toxin.

The specificity of the TP-38 for the EGF-R was confirmed by incubation in
presence of excess EGF which demonstrated essentially no activity by the toxin, most
likely due to hindrance of TP-38 access to the receptor by competitive inhibition. In
addition, this agent has been shown in a different study to be inactive on a human
leukemia cell line known to not express the EGF receptor (95).

The presence of EGF-R in various brain tumors, including malignant
meningiomas, has also been described by several other investigations. Furthermore,
normal brain specimens have been demonstrated to lack this growth factor receptor (120)
— a reasonable finding in light of the observation that significant cell division does not
take place in the normal adult central nervous system. This allows for a therapeutic
advantage whereby a potential toxic agent that specifically targets EGF-R can exert
cytotoxic effects on these neoplastic cells without significant toxicity to the normal
tissue. TP-38 is one such agent with additional properties that make it an attractive
adjuvant chemotherapeutic agent for the treatment of brain tumors. First, it is extremely
potent; requiring the entrance of only a few molecules into the cytosol to kill the cell (95,
121). Furthermore, the cytotoxic effects are not cell-cycle specific, allowing high
efficacy even in slow-growing tumors. Also, the small size of TGF-a. molecule as the
targeting moiety reduces the antigenicity and increases penetration across blood vessels
(95). Finally, activity has been demonstrated even in hypoxic conditions which have
traditionally limited the effectiveness of irradiation and chemotherapy (95, 122)..

Despite these advantages, however, the use of this recombinant toxin in vivo may

be limited. One reason is that EGF receptors are present in many major organs including
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liver, kidney, and the bone marrow (95) and administration of TP-38 may lead to
systemic toxicity before any therapeutic effects have been achieved. For these reasons
and because the properties of cells may differ when grown in vitro, it is essential to assess
the characteristics of this agent in an in vivo model. An intracranial xenograft will be
invaluable in elucidating the systemic and local toxicity, efficacy, and potency of TP-38
in a system that more closely demonstrates the effects from potential altered accessibility
of the toxin due to systemic administration. In addition, this model allows intrathecal or
intracerebral delivery of the toxin, which may allow the administration of higher doses of
the drug without significant systemic effects. @ Moreover, the immunoprotective
environment of the central nervous system may allow for repeated delivery of the drug
without development of neutralizing antibodies (95). Given the promising potential for
TP-38 to be an effective chemotherapeutic agent for the treatment of brain tumors,

especially malignant meningiomas, further investigation into this agent is warranted.
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B
Figure 1. Hematoxylin and eosin staining (A, D, G) showing oval nuclei w1th regular
nuclear membranes, uniform fine granular chromatin, and eosinophilic cytoplasm.
Immunohistochemical staining for epithelial membrane antigen reveals mild (H) to
moderate (B & E) expression of this marker; while presence of the intermediate filament,
vimentin, is demonstrated in all three cell lines (C, F, I).
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Figure 3. Northern Blot analysis detecting the presence of PDGFgg, PDGF-Rg, TGF-a,
EGF-R, and VEGF-R; mRNA. GAPDH was used to control for variations in loading of
mRNA.
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