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Abstract Purpose: Repifermin (keratinocyte growth
factor-2, KGF-2) is a growth factor that selectively in-
duces epithelial cell proliferation, differentiation and
migration. The objective of this study was to assess the
effect of repifermin on in vitro tumor cell proliferation
and in vivo tumor growth using a variety of human
carcinoma cell lines with differing growth rates and
levels of KGF receptor (KGFR) expression. Meth-
ods: Potential effects of repifermin on in vitro cell
proliferation were evaluated by alamarBlue and/or
[*H]-thymidine incorporation assays under a range of
serum conditions. In vivo tumor growth was evaluated
by implanting KGFR ™ carcinomas subcutaneously into
nude mice and measuring tumor growth over time in
mice injected intravenously (i.v.) or intraperitoneally
(i.p.) with repifermin or placebo. Results: In vitro, none
of the 30 human carcinoma cell lines tested demon-
strated a substantial increase in proliferation in response
to repifermin over the concentration range 0.01 to
1000 ng/ml. In vivo results showed no significant tumor
growth-promoting activity when single- or multiple-
cycle intravenous injections of repifermin (1 mg/kg)
were given to athymic nude mice inoculated with human
KGFR ™ tumors of the pharynx (Detroit 562, FaDu),
colon (Caco-2), salivary gland (A-253) or tongue (SCC-
25, CAL 27). In addition, repifermin (0.2 or 2 mg/kg)
injected i.p. for 2 weeks had no effect on the growth of
eight other human carcinomas including those of the
ovary (NIH:OVCAR-3, SK-OV 3, PA-1), bladder
(SCaBER), epidermis (A 431), lung (SW 900), breast
(MDA-MB-231) and cervix (SiHa). Conclusions: Rep-
ifermin had no in vitro or in vivo proliferative effects on
KGFR™ human epithelial-like tumors. This failure to
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stimulate tumor cell growth highlights the ability of
repifermin to specifically target normal epithelial tissue.
This is critical to the safety profile of repifermin, since it
is currently in phase II clinical trials for the treatment of
cancer patients with mucositis resulting from chemo- or
radiotherapy.
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Introduction

Repifermin, a recombinant form of keratinocyte growth
factor-2 (KGF-2) or fibroblast growth factor-10 (FGF-
10), belongs to the FGF family of growth factors [6] and
emerged from a genomics-based screening program. It
binds to a splice variant of FGF-receptor type-2
(FGFR2iiib or KGFR) [10] as well as to the FGFR liiib
receptor. Among the various FGF growth factors, rep-
ifermin is most closely related to KGF-1 (FGF-7) [7],
with which it shares 57% homology [6]. These two
growth factors both recognize the FGFR2iiib receptor,
and as a consequence induce epithelial cell proliferation
[14, 23]. However, only repifermin binds to the
FGFRU1iiib receptor and induces proliferation of BaF3
cells transfected with that receptor [13]. How binding to
dual FGF receptors affects the in vivo activity of repif-
ermin is not yet clearly understood, although it has
shown activity in several in vivo models of mucosal in-
jury [8, 18]. It is currently in clinical trials as a potential
therapeutic agent for the treatment of venous ulcers,
ulcerative colitis and chemotherapy-/radiotherapy-
induced mucositis.

Tissue distribution of FGFR2iiib, the receptor
recognized by both keratinocyte growth factors, is
restricted to cells of epithelial origin. A theoretical toxic
side effect resulting from chronic treatment of patients
with repifermin could be induction of epithelial derived
tumor growth. The receptor is expressed on a variety of



malignant carcinoma cell lines [2, 5, 12], raising the
possibility that repifermin might enhance the growth of
these tumor lines. In a recent study, it has been shown
that KGF-1 induces a weak in vitro proliferative re-
sponse in the KGFR™ squamous carcinoma cell lines
SCC-9, SCC-25, FaDu, and Detroit 562 [20]. However,
when KGF-1 was tested in vivo, it failed to show tumor
growth-promoting activity against FaDu, Detroit 562,
or A431 cells, the three KGFR ™ carcinoma cell lines
tested [20]. As a critical component of the preclinical
safety profile of repifermin, the studies described here
were designed to assess the in vitro and in vivo effects of
repifermin on proliferation of various human tumor cell
lines with different levels of KGF receptor expression
and growth rates.

Materials and methods

Keratinocyte growth factor-2

Repifermin (KGF-2) was expressed in Escherichia coli, purified,
and formulated by Human Genome Sciences as lyophilized mate-
rial containing 7% sucrose, 10 mM Na citrate, 20 mM NaCl, and

Table 1. Summary of in vitro and in vivo proliferative effects of
repifermin on human tumors associated with the oral cavity or
alimentary tract. All tumor cell lines were ordered from ATCC.
Receptor expression was evaluated using quantitative PCR and
compared to the expression levels in primary human keratinocytes.
Induction of in vitro proliferation by repifermin (0.01-10,000 ng/ml)
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1 mM EDTA. Repifermin was reconstituted in sterile water, re-
sulting in a stock concentration of 10 mg/ml. A buffered vehicle
containing the excipients used in the repifermin formulation was
used to dilute the reconstituted repifermin.

Tumor and reference cells

The human tumor cell lines were supplied by the American Type
Culture Collection (ATCC; Manassas, Virginia). The cell line
number, tumor type, tissue source, and ATCC catalog number for
each of these cell lines are provided in Tables 1, 2 and 3. Human
primary keratinocytes were obtained from Clonetics Corporation
(Walkersville, Md.).

KGFR (FGFR2iiib) expression in human tumor cells

Expression levels of KGFR in human tumor cell lines and in
normal human primary keratinocytes were determined by a real-
time quantitative polymerase chain reaction (PCR) procedure using
the ABI Prism 7700 Sequence Detection System and a TagMan
PCR Reagent Kit (Applied Biosystems, Foster City, Calif.). Am-
plification primers and probe were designed to span the region
from nucleotide 1466 to nucleotide 1538 of the human KGFR se-
quence (Genbank accession no. M80634). Cells were harvested
between passages two and four and the total RNA prepared using
the Trizol extraction procedure according to the manufacturer’s
instructions. KGFR mRNA was detected by a one-step RT-PCR

was measured using alamarBlue staining and/or [*H]-thymidine
incorporation in medium containing 0.1% or 10% FBS. To
quantify tumor growth in vivo, human tumors were implanted s.c.,
nude mice were injected i.v. with repifermin, and the tumor sizes
(mm?) were plotted over time

Cell line Tumor cell type/ ATCC no. Receptor In vitro- In vivo-
tissue source expression enhanced enhanced

(compared to proliferation growth
keratinocytes)

Keratinocyte Human primary cells - 1.0 +

Detroit 562 Carcinoma/pharynx CCL-138 8.2 - -

Caco-2 Colorectal adenocarcinoma/colon HTB-37 7.5 - -

A-253 Epidermoid carcinoma/salivary gland HTB-41 3.5 - -

SCC-25 Squamous cell carcinoma/tongue CRL-1628 1.5 - -

CAL 27 Squamous cell carcinoma/tongue CRL-2095 0.9 - -

FaDu Squamous cell carcinoma/pharynx HTB-43 0.5 - -

Table 2. Summary of in vitro and in vivo proliferative effects of
repifermin on human tumors of varying origin and KGFR ex-
pression levels. All tumor cell lines were ordered from ATCC.
KGFR expression on tumor cells was evaluated using quantitative
PCR and compared against expression levels in primary human
keratinocytes. Induction of in vitro proliferation by repifermin

(0.01-10,000 ng/ml) was measured using alamarBlue staining in
medium containing 0.1% or 10% FBS. To quantify tumor growth
in vivo, human tumors were implanted s.c., nude mice were injected
i.p. with repifermin, and the tumor sizes (mm?) were plotted over
time

Cell line Tumor cell type/ ATCC no. Receptor In vitro- In vivo-
tissue source expression (compared enhanced enhanced

to keratinocytes) proliferation growth

Keratinocyte Human primary cells - 1.0 +

NIH:OVCAR-3 Adenocarcinoma/ovary HTB-161 11.0 - -

SCaBER Squamous cell carcinoma/bladder HTB-3 3.5 - -

A 431 Epidermoid carcinoma/epidermis CRL-1555 2.0 - -

SW 900 Squamous cell carcinoma/lung HTB-59 0.1 - -

SK-OV 3 Adenocarcinoma/ovary HTB-77 0.0 - -

PA-1 Teratocarcinoma/ovary CR-1572 0.0 - -

MDA-MB-231 Adenocarcinoma/breast HTB-26 0.0 - -

SiHa Squamous cell carcinoma/cervix HTB-35 0.0 - -
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Table 3. Summary of in vitro proliferative effect of repifermin on
human colorectal adenocarcinomas with varying levels of KGFR
expression. All tumor cell lines were ordered from ATCC. Receptor
expression was evaluated using quantitative PCR, and KGFR ex-
pressed as a fraction of 18S ribosomal RNA. Induction of in vitro

prohferatlon by repifermin (0.01-1000 ng/ml) was measured in
terms of [°HJ-thymidine mcorporatlon in the presence or absence of
5% FBS. Colon antigen expression levels were taken from the
ATCC catalog [9] (ND not described)

Cell line Cell type ATCC no. Carcinoembryonic  Colon-specific Colon Receptor In vitro-
antigen antigen antigen 3 expression enhanced
(ng/10° cells) (fraction of 18S proliferation
ribosomal RNA)
LS 174T  Colorectal CL-188 1944 + ND 7x10°° -
adenocarcinoma
SW1417 Colorectal CCL-238 362 - - 3% 107 -
adenocarcinoma
SW48 Colorectal CCL-231 0.6 - ND 3%x107° -
adenocarcinoma
SW480 Colorectal CCL-228 0.7 - - 1x107° -
adenocarcinoma
COLO 201 Colorectal CCL-224 0 - - 7x10°° -
adenocarcinoma
SW403 Colorectal CCL-230 155 - + 4x107° -
adenocarcinoma
DLD-1 Colorectal CCL-221 0.5 — + 4x10°° -
adenocarcinoma
LoVo Colorectal CCL-229 908 - - 2x107° -
adenocarcinoma
SW837 Colorectal CCL-235 523 - - 1x10°¢ -
adenocarcinoma
SW620 Colorectal CCL-227 0.15 - - 6x10°° -
adenocarcinoma
SW948 Colorectal CCL-237 6.9 + ND 6x107° -
adenocarcinoma
COLO 320 Colorectal CCL-220 0 - - 0 -
DM adenocarcinoma

(reverse transcriptase PCR) procedure. For quantitation of KGFR
mRNA, the comparative Ct method was used (Perkin Elmer User
Bulletin no. 4, 1997), employing an 18S ribosomal RNA probe for
normalization. The receptor expression level obtained for the ker-
atinocytes was assigned a value of 1, and values relative to this were
calculated for the tumor cell lines listed in Tables 1 and 2. Cell lines
are listed in rank order from the highest to the lowest levels of
KGFR message expression.

Additionally, as listed in Table 3, KGFR expression in a series
of colorectal adenocarcinoma cell lines was quantified and ex-
pressed as a fraction of total 18S ribosomal RNA. In terms of
approx1mate number of copies per cell, it is estlmated that a frac-
tion of 10 is equlvalent to about 1000 copies, 107 about 100
copies, 107° about 10 copies, and 10~ about 1 copy.

In vitro proliferation assays

The primary approach to assessing the in vitro proliferative effects
of repifermin was the use of the vital dye alamarBlue [1]. Because
fetal bovine serum (FBS) contains growth factors that stimulate the
growth of cell lines of epithelial origin, it was essential to distin-
guish any proliferative effects of repifermin from those induced by
FBS. Therefore, the 18 human carcinoma cell lines shown in Ta-
bles 1 and 2 were incubated in Dulbecco’s modified Eagle’s medi-
um (DMEM; Gibco, Grand Island, N.Y.) with 0.1% FBS (Gibco).
Cells were grown in 96-well plates (Corning, Corning, N.Y.) at a
density of 3000 cells/well, with repifermin added at concentrations
in the range 0.01-10,000 ng/ml. Serial dilutions of the vehicle were
used as negative controls. Following incubation of cells at 37°C for
S days, 10% alamarBlue was added, followed by an additional
incubation at 37°C for 4 to 6 h. Fluorescence was read using a
CytoFluor fluorescence reader (PerSeptive Biosystems, Framing-
ham, Mass.) with an excitation wavelength of 530 nm and emission
at 590 nm. The higher the absorbance, the greater the proliferation.
To evaluate the effect of repifermin on tumor growth under optimal

conditions, this assay was also conducted using complete (10%
FBS) medium throughout.

In addition to the alamarBlue assay, [°H]-thymidine incorpo-
ration was used to confirm proliferation of the representative tu-
mor cell lines Caco-2, A-253, CAL 27, and HEp-2. Briefly, tumor
cells were plated in a Corning 24-well plate (30,000 cells/well) with
medium containing 10% FBS and were allowed to adhere over-
night. The following day, growth medium was replaced with me-
dium containing 0.1% FBS plus repifermin, diluted in formulation
buffer at concentrations in the range 0.01-10,000 ng/ml. Cells were
incubated for 24 h and pulsed on the following ddy with [*H]-
thymidine (1 pCi/well) for 5h. The amount of [*H]-thymidine
incorporated into trichloracetic acid-precipitable material was
determined using a beta scintillation counter (Beckman Coulter,
Fullerton, Calif.).

A similar ["H]-thymidine incorporation assay was used to
quantify proliferation of the 12 colorectal adenocarcinoma cell
lines listed in Table 3. Cells were plated at a density of 10,000 cells/
well in a 96-well plate and allowed to attach for 24 h in growth
medium containing 10% FBS. The cells were then shifted to serum-
free medium for 24 h. Subsequently, replfermm (0.01-1000 ng/ml)
was added to the cultures. After 22 h, [*HJ-thymidine (1 pCi/well,
specific activity 5-25 Ci/mmol) was added to the wells, and the
cultures were incubated for an additional 2 h. The cells were then
harvested, and the incorporated [*HJ-thymidine was measured with
a beta scintillation counter. To evaluate the effect of repifermin on
tumor growth under optimal conditions, this assay was also con-
ducted using complete (10% FBS) medium throughout.

Animals

For the in vivo studies, female athymic NCR-nu nude mice were
obtained from the National Cancer Institute, Animal Production
Area, Frederick Cancer Research and Development Center
(Frederick, Md.). The mice were maintained according to National



Research Council guidelines [11] and in conformance with relevant
federal, state, and local regulations. Animal use protocols were
reviewed by the Human Genome Sciences’ Institutional Animal
Care and Use Committee (IACUC). The mice were housed under
clean room conditions in sterile cages (five animals per cage) with
bedding and water, and food provided ad libitum. The mean weight
of the mice at initiation of the in vivo studies was 20 g. Animals
were inoculated with tumor cell preparations in the right flank. The
tumor-bearing control group were injected intravenously (i.v.) with
sterile saline (100 pl) on the same dosing schedule as the animals
receiving repifermin. Tumor size was determined two or three times
per week by measuring the tumor along two axes using calipers.

In vivo human tumor growth

The first experiment examined the in vivo effect of systemic ad-
ministration of a single cycle of repifermin on the growth of FaDu
cells, a fast-growing, KGFR™ human pharyngeal squamous cell
carcinoma line. Female athymic nude mice (mean weight 20 g) were
ear-tagged, weighed, and randomly assigned to the following four
groups of ten animals each: (1) no treatment; (2) placebo control;
(3) 1 mg/kg i.v. repifermin; and (4) 5 mg/kg i.v. repifermin. Im-
mediately following subcutaneous (s.c.) inoculation with 6x10°
FaDu cells (day 0), mice in the treatment groups were injected with
repifermin into the tail vein. Repifermin injections were repeated
for a total of four consecutive days (days 0, 1, 2 and 3). Mice were
weighed weekly, and tumor size was measured twice a week in a
blinded fashion. The duration of the study was 22 days.

The procedure in the second study was similar to that described
for the first experiment. Female athymic nude mice (mean weight
20 g, ten per group) were injected s.c. with 2x10° Detroit 562, CAL
27, or Caco-2 cells. Following KGFR™ tumor cell injection, a
single cycle of repifermin (1 mg/kg) was injected i.v. on days 0, 1
and 2. The duration of the study was 42 days.

In the third study, female athymic nude mice (mean weight
20 g, five per group) were injected s.c. with the following tumor cell
types: A-253 (0.5x10° cells), FaDu (0.5x10¢ and 1x106 cells), De-
troit 562 (0.5x10° and 2x10° cells), or SCC-25 (2x10° cells). Fol-
lowing tumor cell injection, repifermin (1 mg/kg) was injected i.v.
on days 0-2, 7-9, and 14-16, that is three cycles of three injections.
The duration of the study was 23 to 25 days.

In the first three in vivo studies, one or more cycles of repifer-
min were delivered by the i.v. route. In the fourth set of in vivo
experiments, summarized in Table 3, repifermin was injected daily
at a dose of 0.2 or 2 mg/kg intraperitoneally (i.p.) for 14 consec-
utive days, and tumor size measured at the end of that time.

Statistical methods

The mean and standard error of the mean were calculated for each
group. A repeat measure analysis of variance (ANOVA) was used
to assess the differences between repifermin treatment and placebo
(control) groups in the corresponding low or high tumor inocula-
tion conditions. If the model was significant at the 5% level, a post
hoc comparison was performed between the active treatment
groups and the control group, using Dunnett’s multiple compari-
son procedure.

Results

KGFR (FGFR2iiib) expression in human tumor cell
lines

Table 1 summarizes molecular, in vitro and in vivo data
from studies with six human carcinomas of the oral
cavity and alimentary tract. The KGFR expression level
for each cell line was calculated as the ratio of the signal
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produced by the tumor cells to the signal from normal
human primary keratinocytes. The message level for
keratinocytes was assigned a value of 1. The highest level
of KGFR message expression from the tumors listed in
Table 1 was observed in Detroit 562 carcinoma cells,
with an eightfold increase in KGFR expression over
human keratinocytes. Three other cell lines (Caco-2, A-
253 and SCC-25) also expressed KGFR levels above
that of primary keratinocytes. Two cell lines (CAL 27
and FaDu) had detectable message for KGFR but ex-
pression levels below that of human keratinocytes. Three
other human tumor cell lines not shown in Table 1 were
evaluated for KGFR expression with the relative ex-
pression levels 0.9 (SCC-15), 1.5 (HT-29) and 8.5 (WiDr)
but were not evaluated in vivo, although in vitro testing
showed no repifermin-mediated proliferation. One hu-
man tumor cell line, HEp-2, expressed no KGF receptor
and, not unexpectedly, failed to respond to repifermin
in vitro.

Table 2 lists human carcinoma cell lines not origi-
nally associated with the gastrointestinal (GI) tract.
These include carcinomas of the ovary (NIH:OVCAR-3,
SK-OV 3, PA-1), bladder (SCaBER), skin (A 431), lung
(SW 900), breast (MDA-MB-231), and cervix (SiHa).
Three of the eight lines (NIH:OVCAR-3, SCaBER, and
A 431) expressed relatively high levels of KGFR mes-
sage. The other five cell lines (SW 900, SK-OV 3, PA-1,
MDA-MB-231, and SiHa) possessed little or no message
for the KGF receptor.

Table 3 lists a set of human colorectal adenocarci-
noma cell lines. For these tumor cell lines, KGFR
message levels were expressed as a fraction of 18S rib-
osomal RNA. Of the 12 cell lines tested, 4 (LS 174T,
SW1417, SW48, and SW480) appeared to contain 100-
1000 copies per cell of KGFR message based on
quantitation expressed as a fraction of 18S ribosomal
RNA (1-7x107). Five cell lines (COLO 201, SW403,
DLD-1, LoVo, and SW837) had an expression fraction
of 1-7x10°, indicating approximately 10-100 copies per
cell. Three cell lines (SW620, SW948, and COLO
320DM) had virtually no KGFR expression. For pur-
poses of comparison, IEC-6 cells derived from normal
rat intestinal epithelium had an expression fraction of
approximately 3x10°® (data not shown).

In vitro effect of repifermin on human tumor cell
proliferation

The alamarBlue proliferation assay described in Mate-
rials and methods was used to evaluate the in vitro
proliferative effects of repifermin (0.01-10,000 ng/ml) on
the human carcinoma cell lines listed in Tables 1 and 2.
Routinely, repifermin, at a concentration of 1 ng/ml
induced a significant two- to threefold increase in pri-
mary human keratinocyte proliferation (data not
shown). However, at concentrations ranging from
0.01 ng/ml to 10 pg/ml, repifermin failed to significantly
elevate proliferation in any of the tumor cell lines listed
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in Tables 1 and 2. The full dose-response curve, shown
in Fig. 1, is for a representative group of tumor cell lines
covering the range of KGFR message expression, that is
7.5 times (Caco-2), 3.5 times (A-253) and 0.9 times (CAL
27) that of human keratinocytes, and no expression of
KGFR (HEp-2). No repifermin-mediated proliferation
was observed at repifermin concentrations in the range
0.01-10,000 ng/ml in the selected panel of tumor cell
lines incubated in 0.1% FBS. The lack of repifermin-
associated proliferative activity was confirmed using the
[*H]-thymidine incorporation assay with the same series
of Caco-2, A-253, CAL 27, and HEp-2 cell lines (Fig. 2).

Fig. 1A-D. In vitro effect of repifermin on proliferation of human
carcinoma cell lines as measured by alamarBlue staining. Results
show the proliferative effects of repifermin (0.01-10,000 ng/ml) on
Caco-2 (A), A-253 (B), CAL 27 (C), and HEp-2 (D) human
carcinoma cell lines. Tumor cells were incubated in medium
containing 0.1% FBS for 5 days, then incubated with 10%
alamarBlue for 4 to 6 h and read in a fluorescence plate reader.
For additional details see “In vitro proliferation assays” in
“Materials and methods”
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The human tumor cell lines listed in Table 1 were also
grown in medium containing 10% FBS to examine the
in vitro effects of repifermin on tumor cells grown under
optimal conditions. As in the studies with 0.1% FBS, no
significant repifermin-related change in tumor cell pro-
liferation rate was observed using the high 10% FBS
concentration in the medium. However, the overall rate
of tumor cell proliferation was at least threefold higher
in medium with 10% FBS versus that in medium with
0.1% FBS (data not shown).

The human colorectal adenocarcinoma cell lines
listed in Table 3 were evaluated in the [*H]-thymidine
incorporation assay. All 12 adenocarcinoma cell lines
failed to show a response to repifermin (0.01-1000 ng/
ml) under serum-free conditions. When the assay was
conducted using 5% FBS, 11 of the 12 cell lines con-
tinued to exhibit no response to repifermin. The sole
exception was the LoVo cell line, which exhibited a
statistically significant increase in [*H]-thymidine incor-
poration at the 10 and 100 ng/ml concentrations
(Fig. 3). However, the increases observed were less than
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Fig. 2A-D. In vitro effect of repifermin on proliferation of human
carcinoma cell lines as measured by [*H]-thymidine incorporation.
Results show the proliferative effects of repifermin (0.01-10,000 ng/
ml) on Caco-2 (A), A-253 (B), CAL 27 (C) and HEp-2 (D) human
carcinoma cell lines. Tumor cells were incubated in medium with
10% FBS for 1 day, then incubated with medium containing 0.1%
FBS. The cells were pulsed 24 h later with 1 pCi of [*H]-thymidine
for 5 h and counted in a beta scintillation counter. For additional
details see “In vitro proliferation assays” in ‘“Materials and
methods”

50% over the control value (1780 vs 1200 fmol/well) and
were not detectable under serum-free conditions. Based
on these considerations, and the lack of a dose respon-
sive effect, the response of the LoVo cell line was deemed
to be similar to that of the other 11 adenocarcinoma cell
lines tested. Thus, in all cases repifermin activity was not
sufficient to produce a biologically relevant proliferative
response.

In vivo effect of repifermin on growth of human
tumors in athymic nude mice

In addition to testing repifermin in vitro for its effects on
tumor cell proliferation, repifermin was also tested in a
number of in vivo studies. Over the course of a 22-day
study with FaDu tumor cells, the implanted tumor grew to
a size of approximately 160 mm?®. No tumor growth-
promoting activity was found when four consecutive i.v.
injections of repifermin (1 or 5 mg/kg) were given to
athymic nude mice on days 0-3. There were no
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statistically significant differences in tumor size between
untreated, placebo-injected, and repifermin-treated mice
(Fig. 4). Also, no statistically significant differences in
body weight change were observed between these groups
(data not shown).

In a second study, no tumor growth-promoting
activity was found when three consecutive i.v. injections
of repifermin (1 mg/kg) were given to groups of athymic
nude mice inoculated with Detroit 562, CAL 27, or Caco-
2 cells (Fig. 5). There were no statistically significant
differences in tumor size between placebo-injected and
repifermin-injected mice in any of the three tumors test-
ed. This study indicated no repifermin-mediated stimu-
latory effects on tumors with widely differing patterns of
growth and receptor expression. Detroit 562 cells
exhibited high KGFR expression (8.2 times that of
primary keratinocytes) and a rapid growth rate (50 mm?
in 18 days), while CAL 27 had a low KGFR expression
(0.9 times) and a moderate growth rate (20 mm? in
18 days). The Caco-2 cell line, with its high KGFR
expression level (7.5 times) and very low rate of tumor
growth (15 mm? in 42 days), had a biological profile
different from that of both Detroit 562 and CAL 27 cells.
With the Caco-2 cells, by day 42, three of the ten animals
in each placebo-injected and repifermin-treated group
had no detectable tumor. Only animals showing actual
tumor growth were included in the calculation of average
tumor size. In all cases, no significant differences were
seen between placebo-injected and repifermin-treated
mice as measured by tumor take or tumor growth rate.
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Fig. 3. In vitro effect of repifermin on proliferation of LoVo
human carcinoma cells. Results show the proliferative effects of
repifermin (0.01-1000 ng/ml) on LoVo cells incubated in medium
in the absence or presence of 5% FBS. Tumor cells were pulsed
with 1 pCi of [*H]-thymidine for 2h and counted in a beta
scintillation counter. Data points represent the means+SEM
(**P<0.01 repifermin-treated vs vehicle-treated control). For
additional details see “In vitro proliferation assays” in “Materials
and methods”
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Fig. 4. In vivo effect of repifermin on FaDu tumor growth. FaDu
tumor cells (6x10°) were injected s.c. into nude mice (n=10) on
day 0. A single cycle of repifermin (1 or 5 mg/kg, i.v.) was
administered on days 0, 1, 2 and 3. Tumor sizes were measured
along two axes with calipers approximately twice weekly through
day 22, and expressed as means = SEM (mm?). Note that the x-axis
shows the actual days of measurement, and that the scale is not
linear. For additional details see “In vivo tumor growth” in
“Materials and methods”

In the third study, no tumor growth-promoting ac-
tivity was found when three weekly cycles of three i.v.
injections of repifermin (1 mg/kg) were administered to

athymic nude mice inoculated with A-253, FaDu,
Detroit 562, or SCC-25 tumor cells (Fig. 6).

A-253 tumor cells were injected s.c. at a cell concen-
tration of 0.5x10° cells/mouse. Palpable tumors were
present by day 7 and increased in size throughout the
experiment. By day 25, the mean tumor size was 54 mm?
in the placebo group and 49 mm? in the repifermin-
treated group. Repifermin (1 mg/kg, i.v.) did not sig-
nificantly alter the A-253 tumor growth pattern, as
shown in Fig. 6A.

FaDu cells were inoculated at concentrations of
0.5x10° and 1x10° cells/mouse. Tumors were palpable
by day 9 and increased in size throughout the experi-
ment. By day 23, the mean tumor sizes in the groups
receiving the low-dose tumor cell concentration were
66 mm?” for the placebo group, and 50 mm? for the
repifermin-treated group. The mean tumor sizes in the
high-dose tumor cell groups were 84 mm? for the pla-
cebo group and 50 mm~ for the repifermin-treated
group. Repifermin (1 mg/kg, i.v.) did not significantly
alter the FaDu growth pattern for either the low-dose or
high-dose tumor cell groups (Fig. 6B).

Detroit 562 tumor cells were inoculated at concen-
trations of 0.5x10° and 2x10° cells/mouse. Tumors were
palpable by day 9 and increased in size throughout the
experiment. By day 25, the mean tumor sizes in the low-
dose tumor cell %roups were 34 mm? in the placebo
group and 30 mm~ in the repifermin-treated group. The
mean tumor sizes in the high-dose tumor inoculum
groups were 51 mm? in the placebo group and 46 mm? in
the repifermin-treated group. Repifermin (1 mg/kg, i.v.)
did not significantly alter the Detroit 562 growth pattern
in the low-dose tumor cell group. However, in the high-
dose tumor inoculation group, repifermin caused a slight
inhibition of the growth pattern (Fig. 6C).

SCC-25 cells were inoculated at a concentration of
2x10° cells/mouse. In contrast to the other three cell
lines in this study, SCC-25 tumor cells grew poorly in
vivo. Tumors were not palpable until day 14. SCC-25
tumor sizes in the repifermin-treated group varied from
18 mm? on day 4 to 11 mm? on day 23, whereas the
tumor size in the placebo-treated group was approxi-
mately 8 mm? throughout the experiment. Although
these differences in tumor size were statistically signifi-
cant, the differences were of a very small scale. With the
repifermin-treated tumor actually decreasing in size
from day 4 to day 23, there was clearly no repifermin-
mediated time-dependent increase in the size of the
tumor. Therefore, repifermin was considered to be neg-
ative for in vivo growth enhancement off the SCC-25
tumor, similar to its effect on the other implanted human
carcinomas (Fig 6D).

In the above three in vivo studies, all tumor cell lines
were originally derived from tissues associated with the
oral cavity or alimentary tract. This is a relevant tissue
source supporting current clinical trials in mucositis and
ulcerative colitis, as well as planned studies in colorectal
and head and neck cancer. However, other human
carcinomas, not of alimentary tract origin, were also
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Fig. SA-C. In vivo effect of repifermin on human carcinomas with
varying growth rates and KGFR expression levels. Detroit 562 (A),
CAL 27 (B) and Caco-2 (C) tumor cells (2x10°) were injected s.c.
into nude mice (n=10) on day 0. A single cycle of repifermin
(1 mg/kg, i.v.) was administered on days 0, 1, 2 and 3. Tumor sizes
were measured along two axes with calipers approximately twice
weekly through day 42, and expressed as means+SEM (mm?).
Note that the x-axis shows the actual days of measurement, and
that the scale is not linear for either axis. For additional details see
“In vivo tumor growth” in “Materials and methods”

tested for their in vivo response to repifermin. In a
fourth study, summarized in Table 2, eight different
human carcinomas, originating in the ovaries
(NIH:OVCAR-3, SK-OV 3, and PA-1), bladder
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(SCaBER), epidermis (A 431), lung (SW 900), breast
(MDA-MB-231), and cervix (SiHa), were injected s.c.
into the flank of nude mice. Repifermin, administered
1.p. daily at a dose of 0.2 or 2 mg/kg for 2 weeks, failed
to alter the growth pattern of the implanted tumors
(data not shown).

Discussion

Because repifermin is an epithelial growth factor in-
tended for systemic administration to cancer patients
who may have just been treated for removal of a
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growth of human carcinomas. A-253 (A), FaDu (B), Detroit 562
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(mm?). *P<0.001, repifermin-treated vs vehicle-treated control.
Note that the x-axis shows the actual days of measurement, and
that the scale is not linear. For additional details see ““In vivo tumor
growth” in “Materials and methods”

KGFR™ carcinoma, it was important to establish that
repifermin did not induce tumor cell proliferation. The
preclinical studies reported here were designed to de-
termine whether repifermin stimulated in vitro or in vivo
tumor growth and, by extension, would put patients at
risk for developing cancer if used in the clinic. A panel of
30 different tumor cell lines was selected, having in
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common their human origin and carcinoma cell type.
However, the tumor cell panel was compiled to represent
tumors from diverse tissue sources, with a range of
KGFR expression levels and varying growth rates. Be-
cause of the interest in treating cancer patients with oral
mucositis, the six carcinomas in Table 1 were predomi-
nantly derived from tissues of the oral cavity and
alimentary tract. Table 2 shows eight carcinomas of
more diverse origin including ovary, breast and lung.
The 12 tumors shown in Table 3 are colorectal adeno-
carcinomas, chosen because of the interest in treating
cancer-prone ulcerative colitis patients as well as the GI
mucositis associated with colorectal cancer patients
recovering from chemotherapy and radiation. As mea-
sured by quantitative PCR, the carcinomas also showed
a spectrum of KGFR expression levels, ranging from
the 11-fold increase over primary human keratinocytes
in the NIH:OVCAR-3 ovarian tumor cell line to the



absence of KGFR expression in the MDA-MB-231
breast adenocarcinoma.

The in vitro studies were conducted under optimal
(5-10% FBS) and suboptimal (0.1% or no FBS) growth
conditions. None of the 18 carcinoma cell lines tested in
the first two series of in vitro experiments exhibited any
positive or negative proliferative response to repifermin
(0.01-10,000 ng/ml) as assessed by the alamarBlue or
[*H]-thymidine assay at 0.1 and 10% FBS. In Table 3,
the 12 adenocarcinoma cell lines were tested in the ab-
sence or presence of 5% FBS and assessed by [*H]-
thymidine incorporation. None could be identified that
exhibited a substantial proliferative response to repifer-
min at concentrations in the range 0.01-1000 ng/ml.

In addition to the in vitro experiments, a series of
four in vivo studies were conducted, in which human
carcinomas were injected into the flank of nude mice and
tumor growth over time following a single cycle or
multiple cycles of repifermin was measured. A single
cycle of three or four i.v. repifermin injections at a dose
of 1 or 5mg/kg failed to enhance tumor growth,
whether the tumor was a low KGFR expresser with a
rapid growth rate (FaDu, Fig. 4), a high KGFR ex-
presser with a rapid growth rate (Detroit 562, Fig. 5A),
a low KGFR expresser with a moderate growth rate
(CAL 27, Fig. 5B), or a high KGFR expresser with a
very low growth rate (Caco-2, Fig. 5C).

In a third set of in vivo experiments, repifermin
(1 mg/kg) was administered for three cycles of three i.v.
injections per week. Under these conditions, the growth
of the A-253 (Fig. 6A), FaDu (Fig. 6B) and Detroit 562
(Fig. 6C) tumors was not enhanced by injection of rep-
ifermin. The SCC-25 tumors (Fig. 6D), like the Caco-2
tumors in Fig. 5C, had a very slow growth rate that was
not accelerated by repifermin treatment.

A fourth set of in vivo studies was conducted on
carcinomas from a variety of tissues (Table 2). When
given daily for 14 days via the i.p. route, repifermin (0.2
or 2 mg/kg) failed to alter the growth pattern of any
tumor tested. These studies indicate that, despite their
expression of the FGFR2iiib receptor, in vivo growth of
ten human tumor cell lines (Detroit 562, Caco-2, A-253,
SCC-25, CAL 27, FaDu, NIH:OVCAR-3, SCaBER, A
431 and SW 900) was not enhanced by repifermin
administration.

There is some precedent for growth factors having a
selective proliferative effect on normal, but not neo-
plastic tissue. Ning et al. found that KGF-1, also known
as FGF-7, had no proliferative effect on seven KGFR *
tumor cell lines when tested over a 48-h incubation pe-
riod [20]. When the in vitro exposure was lengthened to
7 or more days, there was a modest but significant KGF-
I-mediated increase in proliferation of the Detroit 562,
FaDu, SCC-25 and SCC-9 tumor cell lines. However,
that minimal in vitro activity did not translate into an
enhancement of tumor growth in vivo [20]. In our hands,
repifermin stimulated neither in vitro nor in vivo growth
of Detroit 562, FaDu and SCC-25 tumors (Table 1). In
this regard, it is different from epithelial growth factor
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(EGF), which has been shown to stimulate growth of
selected tumors [3].

Okunieff et al. have demonstrated that KGF-2 not
only fails to enhance in vivo tumor growth but actually
significantly reduces it, although they had no concrete
explanation for the observed antitumor effect against
KHT sarcomas [21]. In our in vivo studies, repifermin
injected i.v. did significantly inhibit the growth of a
Detroit 562 tumor (Fig. 6C), but like Okunieff et al., we
do not understand the mechanism of action behind that
inhibition, although Okunieff et al. did state that ““short
exposures to KGFs do increase tumor cell apoptosis”™
[21]. Ding et al., evaluating the in vivo activity of the
FGF family, found that i.v. infusion of acidic or basic
FGF (FGF1 and 2) did not stimulate growth of three
murine tumors [4], again demonstrating that growth
factors that stimulate normal cell proliferation do not
necessarily affect tumors cells in the same way.

In the clinical setting it is not enough for a growth
factor to lack tumor proliferative activity. It must also
not negatively impact the chemo- or radiosensitivity of
the tumor [24]. In the three aforementioned studies,
pretreatment with KGF-1 [20, 21], KGF-2 [21], FGF-1
[4] or FGF-2 [4, 21] did not result in radioprotection to
the irradiated tumor. In studies with another growth
factor, EGF, several groups have found that this protein
actually makes the tumor more, not less, sensitive to the
effects of irradiation [16] and chemotherapeutic agents
[15, 19]. In our laboratory, studies to evaluate the effect
of repifermin on irradiated tumors are underway.
However, initial in vivo studies in nude mice have al-
ready demonstrated that repifermin pretreatment has no
chemoprotective effects on KGFR™ human adenocar-
cinomas treated with 5-FU (FASEB 2002 abstract,
“Repifermin does not enhance human colorectal
adenocarcinoma growth or diminish 5-FU anti-tumor
activity in mice”).

Although there are numerous instances of growth
factors inducing proliferation of normal but not tumor
cells, the mechanism behind this selective activity is not
clearly understood. Ning et al. [20] speculate that the
lack of response by tumor (but not normal) cells may be
due to a difference in the affinity of the KGF receptor or
low receptor protein expression despite measurable lev-
els of mRNA. They also hypothesize that normal and
tumor cells may have different regulatory pathways as-
sociated with their respective KGF receptors. Since
neoplasia is, by definition, characterized by unregulated
proliferation, exposing tumor cells to a growth factor
such as repifermin may have no more significant effect
than adding a drop of water to a pond. In normal tis-
sues, the KGF receptor is a tyrosine kinase activated by
the process of binding to its ligand [17]. The activated
phosphorylated receptor, in turn, triggers phosphoryla-
tion of phospholipase C gamma (PLC gamma), a com-
mon second messenger protein involved in proliferation
and differentiation [22]. Interestingly, when normal
salivary gland mRNA from repifermin-injected mice is
incubated with commercially available murine gene
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arrays, one of the messages that is dramatically upreg-
ulated is PLC gamma (unpublished data). Although no
tumor mRNA tissue was tested in this study, it is pos-
sible that the signal transduction pathways in normal
and tumor cells are differentially affected by repifermin.
In our most recent gene array experiments with activated
salivary gland target tissue, another signal transduction
messenger, MAPK3, was upregulated. There are efforts
underway to accumulate mRNA from a variety of
tumor cell lines and evaluate them in similar arrays.
Even though the explanation for the failure of repif-
ermin to augment the proliferation of KGFR™ tumors
is not clear, that inactivity was reproducibly demon-
strated in a number of in vitro and in vivo experiments
using epithelial-like tumors from a variety of tissues with
a range of receptor expression and rate of proliferation.
The lack of repifermin-mediated proliferative effects on
these KGFR ™ human carcinomas both in vitro and in
vivo suggests that the drug may be developed further for
use in indications such as chemotherapy- or radiation
therapy-induced mucositis, inflammatory bowel disease,
or other disorders involving damage to epithelial tissues.
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