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Lung cancer remains a significant public health problem in the U.S.A. and will result in an estimated
160 400 deaths in 1997. This appalling number is due in large part to the lack of adequate treatment for
tumours that are refractory to surgery with curable intent, or of an adequate salvage therapy for those
patients who recur after surgical resection. Because non-small cell lung cancer is refractory to tradi-
tional chemotherapy, non-traditional therapies have been developed to treat patients with this disease.
Recombinant oncotoxins have been designed to target cells that express certain proteins as part of their
cellular membrane. One such oncotoxin, AR209 (formerly OLX-209 [e23(Fv)PE38KDEL]), has the
specificity of an anti-ErbB-2 antibody contained within a single-chain antibody domain (e23v) cou-
pled to a portion of the Pseudomonas exotoxin A (PE38SKDEL). Previous studies demonstrate that this
drug is capable of significantly reducing the size of orthotopic lung tumour xenografts. However, most
of the treated mice developed tumours once therapy was removed. In this study, mice were treated
aggressively using one of four drug treatment schedules. Mice were treated with either intravenous or
subcutaneous injections of AR209 over a 2 week period. The data indicate that AR209 significantly
reduced the size of tumours and upon microscopic analysis at necropsy, some mice were cured. How-
ever, despite the treatment schedule used, many mice contained residual tumour. Residual tumours
expressed the ErbB-2 protein, indicating that more aggressive treatment with AR209 may have resulted
in higher rates of cure. ©) 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION
DESPITE THE many advances made in the diagnosis and
treatment of most human cancers, several types remain
refractory to treatment. Cancers of the lung kill more Amer-
icans than any other tumour type, despite higher incidence
rates for breast cancer and prostate cancer [1], reflecting the
lack of an adequate therapy. Only 13% of people diagnosed
with lung cancer will survive for 5 years [1,2]. Non-small cell
lung cancer (NSCLC, includes adenocarcinoma, squamous
cell carcinoma, adenosquamous cell carcinoma, and large cell
carcinoma) accounts for approximately 75% of all cancers of
the lung [3]. Surgical resection of the tumour is the standard
treatment for stage I and II disease, as most NSCLCs are
refractory to radiotherapy and chemotherapy [4]. However,
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the majority of patients present at an advanced stage and are
not candidates for a surgical procedure with curative intent
[4]. For those patients with advanced stage disease or with
recurrent metastatic lesions following surgical resection, pal-
liative radiotherapy often becomes the only option.
Biological therapy has become an attractive alternative for
the treatment of tumours that prove refractory to traditional
therapies [5]. Immunotoxins and recombinant oncotoxins are
an important component of biological therapy. These drugs
rely on the specificity of an antibody to direct precisely a toxin
that irreversibly inactivates protein synthesis in the tumour
cell [6]. One such oncotoxin, AR209 (formerly OLX-209
[e23(Fv)PE38KDEL]), has the specificity of an anti-ErbB-2
antibody contained within a single-chain antibody domain
(e23Fv) coupled to a portion of the Pseudomonas exotoxin A
(PE38KDEL) [7]. We have previously demonstrated that the
recombinant oncotoxin AR209 effectively targets human
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adenocarcinoma cells i wvizro [8] and i vive in a sub-
cutaneous (s.c.) mouse model [8] and an orthotopic model
[9]. The results of these studies indicate that three intrave-
nous (i.v.) injections administered to mice over a 5 day period
at 86 ug/kg or 43 ng/kg significantly reduced the size of s.c.
tumours, but did not completely eliminate them [8].
Increasing the number of injections to six (three i.v. injections
administered to mice over a 5 day period at 86 pg/kg followed
by three injections separated by 10 days) resulted in smaller
orthotopic tumours, but did not result in ‘cures’ in most mice
[9]. Also, the tumours present in AR209-treated animals
increased in size once therapy was removed. To evaluate the
effect of a more aggressive use of the drug, mice implanted
with intrathoracic orthotopic human tumours were treated
with one of four drug administration schedules. The lungs of
mice treated with AR209 were resected and stained for ErbB-
2 oncoprotein using immunohistochemistry.

MATERIALS AND METHODS

Cell lines and culture conditions

The human lung adenocarcinoma cell line 201T was
established from a poorly differentiated tumour using the
method of Siegfried and Owens [10]. This cell line and its
culture conditions have been described in detail elsewhere
[8,9,11]. For orthotopic implantation, cells were isolated by
trypsinisation (Life Technologies, Grand Island, New York,
U.S.A)) and centrifugation at 500 g for 15 min, washed once
in medium supplemented with 1% fetal bovine serum (FBS)
(HyClone Laboratories, Logan, Utah, U.S.A.), and washed
an additional two times with phosphate buffered saline (PBS)
(Life Technologies). Cells were suspended in HBSS (Life
Technologies). For injections, tumour cells were mixed with
Matrigel basement membrane matrix (Becton Dickinson
Labware, Bedford, Massachusetts, U.S.A.) [12, 13] at a ratio
of 1:1, to a final concentration of 2x 109, cells/0.1 ml.

Experimental animals

Specific pathogen-free, 4—6 week old female nu/nu (nude)
mice obtained from Harlan Sprague Dawley Inc. (Indian-
apolis, Indiana, U.S.A.) were housed in sterilised filter-top-
ped cages kept in laminar flow isolators (Forma Scientific,
Marietta, Ohio, U.S.A.) and were fed autoclaved food and
water ad libitum. The mice were acclimated for 1 week prior
to use in study protocols. All procedures involving the animals
were performed under sterile conditions in a laminar flow
hood (Forma Scientific). All studies were approved by the
LSUMC Institutional Animal Care and Use Committee.

Tumour cell implantation and drug therapy

Percutaneous orthotopic implantation of tumour cells was
accomplished as described previously [9,14], except that
fluoroscopy was not used. Tumours were allowed to develop
in all mice for 3 weeks prior to the initiation of therapy. This
method has routinely resulted in the development of tumours
in 100% of control mice [9]. Four drug administration sche-
dules were used to test AR209. In schedule 1 (Figure 1), 14
mice were implanted with 201T cells orthotopically on day 0.
An additional four mice were injected percutaneously with
saline into the lung to mimic 201T cell implantation. After 3
weeks, the 14 mice containing tumours, were randomised
into two groups. The experimental group received i.v.
injections of 86 pg/kg AR209 (approximately 0. 1 ml/mouse)
on days 25, 27, and 30. The placebo group received i.v.
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injections of 0.1 ml saline on the same days. All mice were
sacrificed on day 32. In schedule 2 (Figure 1), 14 mice were
implanted with 201T cells orthotopically on day 0. An addi-
tional four mice were injected percutaneously with saline into
the lung to mimic 201T cell implantation. After 3 weeks, the
14 mice containing tumours were randomised into two
groups. The experimental group received i.v. injections of
86 ug/’kg AR209 on days 21, 23, 25, 27, 29, 31, 33, and 35.
The placebo group received i.v. injections of 0.1 ml of saline
on the same days. All mice were sacrificed on day 56. In
schedule 3 (Figure 1), 21 mice were implanted with 201T
cells orthotopically on day 0. An additional four mice were
injected percutaneously with saline into the lung to mimic
201T cell implantation. On day 21, the 21 mice containing
tumours were randomised into two groups. The experimental
group (n=11) received s.c. osmotic pumps (ALZA Scientific
Products, Palo Alto, California, U.S.A.) containing 35 ug
AR209 (drug delivery 100 pl/kg/day). This resulted in the
administration of 2.5 ug AR209/mouse/day. On day 35, the
pumps were removed. The placebo group received osmotic
pumps containing saline on the same day. All animals were
sacrificed on day 56. In schedule 4 (Figure 1), 12 mice were
implanted with 201T cells orthotopically on day 0. An addi-
tional four mice were injected percutaneously with saline into
the lung to mimic 2017T cell implantation. After 3 weeks, the
12 mice containing tumours were randomised into two
groups. The experimental group (n=7) received s.c. injec-
tions of 86 pg/kg AR209 on days 21, 23, 25, 27, 29, 31, 33,
and 35. The placebo group (z=5) received s.c. injections of
0.1 ml of saline on the same days. All mice were sacrificed on
day 56. Tumour volumes were monitored using dial calipers.
Tumour growth is reported as an average tumour volume,
calculated as n*(w*I*h)/2, where w is the width, / is the
length, and /% is the height in mm. The mediastinum and
lungs were weighed at autopsy, henceforth referred to as
‘mediastinal blocks’.

Immunohistopathology

Sections were prepared from formalin-fixed paraffin-
embedded resected lungs. After staining with haematoxylin
and eosin, each section was examined by a pathologist who
was blind to the experimental conditions used to treat the
mouse from which the lung section was obtained. Sections
were also examined for expression of ErbB-2 protein using
rabbit anti-human ErbB-2 polyclonal antibody (Biomeda
#225M, San Mateo, California, U.S.A.). Immunohistochem-
istry was performed using the Ventana Medical Systems gen II
automated immunohistochemistry system and reagents (Tuc-
son, Arizona, U.S.A.). Diaminobenzidine (DAB) substrate
kits supplied and customised by Ventana for horseradish
peroxidase as an enzyme marker were used. Immunohisto-
chemical analysis was performed by counting 200 cells
(unless the tumour was too small) then taking the percentage
of the cells that stained positively and applying the following
scale (Table 1): +, 0-25% positive; ++, 26-50% positive;
+++, 51-75% positive; and ++++, 76-100% positive. A
breast adenocarcinoma containing 75-100% positively stain-
ing cells was used as a positive control for anti-ErbB-2 staining.

Statistical methods

The size of the tumours and the weight of the mediastinal
blocks were considered the dependent variables. The fixed
factors are the type of treatment (placebo, AR209 or PBS)
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Figure 1. Drug administration

and the schedule. A two-way analysis of variance was used to
determine the treatment effect after controlling for schedule
and the schedule effect after controlling for treatment effect.
The interaction between the factors was included in the
model. Post-hoc analyses were performed using the Student—
Newman—-Keuls method.

RESULTS

To determine if macroscopic tumours are present in the
lungs of mice immediately after the administration of AR209,
athymic nude mice were treated according to schedule 1 in
Figure 1. This exactly mimics the schedule used in our pre-
vious study with a s.c. tumour model [8]. No adverse effects
were noted for mice treated with this schedule or with similar
schedules in previous studies [7-9]. The LD, for AR209 was
previously established to be 90 pg/kg/dose and the LDso was
established to be 160 pg/kg/dose [8]. As seen in Figure 2(a),
the weight of the mediastinal blocks of control mice (n=4)
was 414.5 £ 19.3 mg (mean * standard error), which was not
statistically different from the mean weight of AR209-treated
mice (n=7, 440.9142.7mg). However, the mediastinal
blocks of the PBS-treated mice (560.0 * 14.5 mg, n="7) were
significantly heavier than those from control mice and from
AR209-treated mice (P<0.0001, Student—-Newman—Keuls
test). Upon necropsy, the lungs of PBS-treated mice revealed
that 7/7 (100%) had gross tumours that averaged
141.1£35.4mm> (Figure 2b). However, only 2/7 (29%)

s.c. 86 pg/kg Sacrificed

schedules used in this study.

AR209-treated mice had tumours that could be detected
upon gross inspection of lungs and they were significantly
smaller (13.4%9.1 mm?) than those from PBS-treated mice
(141.1%£35.4mm?3  P=0.002, Student—Newman-Keuls
test). However, upon microscopic examination of resected
lungs, 6/7 mice contained some tumour. The data demon-
strate that the drug is effective in reducing the rate at which
tumours form in the lungs of mice and that those tumours
that do form are substantially smaller.

To determine if a more aggressive use of the drug would be
effective, nude mice were treated according to schedule 2
(Figure 1). As seen in Figure 2(a), the mean weight of the
mediastinal blocks from AR209-treated mice (z=7) was
460.6 £ 23.8 mg, which was not statistically different from
tumours observed in control mice. However, as with the mice
treated according to schedule 1, the mean weight of the
mediastinal blocks from PBS-treated mice (538.1 7.9 mg,
n="17) was significantly larger compared with control mice
and with AR209-treated mice (P=0.001, Student—-Newman—
Keuls test). Again, upon necropsy 7/7 (100%) mice treated
with PBS were shown to have gross tumours with a mean
volume of 97.0 £18.3 mm?> (Figure 2b). For AR209-treated
mice, 5/7 had detectable tumours upon gross inspection that
measured 21.0+6.7mm?3. Although the tumours were sig-
nificantly smaller (2<0.0001), upon microscopic examina-
tion 4/7 mice had tumours, indicating that the drug had not
completely eliminated tumour formation.
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Table 1. Immunohistochemical (IHC) analysis for ErbB-2
expression in selected resected mouse lungs

Treatment Tumour weight (mg)* IHCt
Schedule 1
PBS 192.5 ++++
PBS 124.5 +
AR209 69.5 ++++
AR209 0 +
AR209 62.5 ++++
AR209 48.5 ++++
AR209 51.5 ++
AR209 7.5 ++++
AR209 0 No tumour
Schedule 2
PBS 88.5 +++
AR209 65.5 +
AR209 102.5 +++
AR209 3.5 No tumour
AR209 151.5 +++
AR209 8.5 No tumour
AR209 15.5 +++
AR209 0 No tumour
Schedule 3
Control No tumour No tumour
PBS 1279 ++
PBS 316 +
AR209 489 +++
AR209 33 ++
AR209 147 ++
AR209 42 +++

*Tumour weight = weight of mediastinal block-weight of mediastinal
block from control mice. |+, 1-25% positive; + +, 25-50% positive;
+++, 51-75% positive; ++ ++, 76-100% positive.

To determine if a continuous infusion of AR209 s.c. over a
2 week period would increase efficacy, 25 nude mice were
treated according to schedule 3 (Figure 1). As seen in
Figure 2(c), the mean weight of the mediastinal blocks from
control mice was 469.5 £ 3.3 mg (n=4). The mean weight of
the mediastinal blocks for both PBS-treated mice
(936.6+108.8mg, n=10) and for AR209-treated mice
(692.4+ 60.6 mg, n=11) were significantly larger than those
from control mice (P=0.014, Student—-Newman—Keuls test).
The weight of mediastinal blocks from AR209-treated mice
were not significantly different than the weight of those from
PBS-treated mice. As expected, 10/10 (100%) mice treated
with PBS were found to contain tumours upon necropsy.
Surprisingly, 11/11 (100%) mice treated with AR209 also
contained tumours. The data suggest that a continuous infu-
sion of AR209 via a s.c. route did not control tumour growth
as well as i.v. delivery of the drug. Therefore, to determine if
AR209 could be delivered by s.c. injections, mice were trea-
ted using the procedure outlined in schedule 4 (Figure 1). As
seen in Figure 2(d), the mean weight of mediastinal blocks
resected from AR209-treated mice (689.4+15.9mg, n=7)
was significantly less than for PBS-treated mice
(783.2+28.6 mg, n=5, P<0.0001, Student—-Newman—Keuls
test). However, the mediastinal blocks from AR209-treated
mice were significantly heavier than those from control mice
(575.8+*12.3mg, n=4, P<0.0001, Student-Newman-—
Keuls test).
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In each case, despite the treatment schedule used, residual
tumour remained in many of the treated mice. There are at
least two explanations for this result. First, the tumour cells
may heterogeneously express the ErbB-2 protein, and the
AR209 is only able to inhibit protein synthesis in those cells
that express ErbB-2. Alternatively, the drug may have an
overall net static effect on the tumour because it may not be
able to penetrate the tumour mass adequately. To differ-
entiate between these possibilities, mediastinal blocks from
mice were fixed in formalin and embedded in paraffin. Sec-
tions of the lungs were stained with a monoclonal antibody
(MAD) specific for human ErbB-2. The data are presented in
Table 1. Note that tumours in mice treated with PBS alone
had a large range of expression of ErbB-2 protein (schedule
1, PBS). Also note that in mice treated with an aggressive
schedule of i.v. injections (schedule 2), several of the mice
had no evidence of microscopic tumours, indicating that they
had been cured (all PBS-treated mice developed a tumour,
indicating a 100% take rate—also seen in other studies [9]).
In those mice that did contain tumours after treatment with
AR209, most of the cells in the tumour mass (>50%)
expressed the ErbB-2 protein, suggesting that they would be
susceptible to further treatment with AR209. Therefore, it
seems unlikely that the presence of tumours is due to the
heterogeneous expression of ErbB-2.

DISCUSSION

The ultimate goal of targeted therapy is to design drugs
that specifically recognise protein markers expressed exclu-
sively on the surface of tumour cells. Unfortunately, despite a
great deal of effort to identify tumour-specific markers, little
progress has been made in this area [15]. However, tumour
cells often express normal protein on their cell surface in
excess amounts, creating a large therapeutic window and
making the use of drugs based on MAbs an attractive option.
One such therapeutic molecule is the so-called recombinant
oncotoxin. This type of drug consists of the antigen-binding
region of a MAD linked to a toxin [6]. The recombinant
oncotoxin used in this study, AR209, has the specificity of an
anti-ErbB-2 antibody contained within a single-chain anti-
body domain coupled to a portion of the Pseudomonas exo-
toxin A. This compound has been extensively described
elsewhere [7]. The modified Pseudomonas exotoxin A found
in AR209 ADP-ribosylates eukaryotic elongation factor 2,
thereby completely inhibiting protein synthesis in targeted
cells. This ADP-ribosylation is catalysed by domain III of
Pseudomonas exotoxin A, which usually contains the carboxyl-
terminal sequence REDLK that directs endocytosed toxin
into the endoplasmic reticulum. The modified toxin found in
AR209 replaces this carboxyl-terminal sequence with KDEL,
resulting in a toxin that is not only directed to, but is retained
in the endoplasmic reticulum and is more toxic to cells [16].
We have previously found that this drug is highly toxic to
NSCLC cell lines in vitro with extremely low 1C5, concentra-
tions ranging from 2 to 30 ng/ml; the 1C5¢ for normal bron-
chial epithelial cells was >1000ng/ml [8]. Further, the drug
was very effective at reducing the size of s.c. NSCLC xeno-
grafts [8], and orthotopic xenografts [9]. In our previous in
vivo studies, treatment schedules were used to evaluate the
potential efficacy of the drug, but were not aggressive as
compared with actual phase I/II trials in humans [17-21].
Because very low concentrations of AR209 effectively killed
cells n virro, it was surprising that more mice were not cured
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Figure 2. Comparisons of the mean weight of mediastinal blocks and the tumour volume in treated mice. A slight increase in the

mean weight of mediastinal blocks was observed in lungs of mice treated according to schedule 1 and schedule 2 (a). This

correlated with the presence of small tumours in the lungs of several mice that were amenable to measurement using dial

calipers (b). Larger tumours were present in the lungs of animals treated with osmotic pumps (c) or with subcutaneous
injections (d). Error bars=standard error.

in our initial in vivo orthotopic model [9]. Therefore, we tes-
ted new schedules for drug administration and evaluated the
lungs of treated mice using immunohistochemistry.

For any drug to kill a tumour it must penetrate the tumour
through its microvasculature. The obstacles for adequate
drug delivery to tumours have been described [22,23]. In
addition to the problems associated with conventional drug
delivery, another major barrier to the use of immunotoxins
(whole MADs or Fab fragments linked to toxin molecules) are
their large size (~290kDa) resulting in poor penetration of
the drug into the tumour [6]. The development of small
(~60kDa) recombinant oncotoxins consisting of small sin-
gle-chain (Fv) molecules linked to toxins predicted the end to
tumour distribution problems [24]. However, our data indi-
cate that the AR209 compound may not adequately penetrate
the tumour. Tumours were present in the lungs of mice
treated according to schedule 1; this is not surprising given
that only three injections of drug were administered. The
cells found within the tumours contained a high proportion of
cells that remained positive for ErbB-2 staining. These data
indicate that a more aggressive treatment schedule may have
resulted in significant numbers of cures. Indeed, when mice
were treated with the more aggressive schedule 2, 3/7 (43%)
showed no evidence of tumour upon microscopic analysis of
resected lungs. Of the four mice which contained tumours at
necropsy, only one contained a tumour that had <25% of
cells staining positive for ErbB-2. Therefore, given that the
NSCLC cells were allowed 3 weeks to recover in the absence
of drug, but still had ErbB-2 present on their cellular mem-

branes, even more aggressive therapy may have resulted in a
higher rate of cure.

To test this hypothesis, a more aggressive continuous
infusion of AR209 was used in schedule 3. However, large
tumours developed, despite the continuous presence of drug.
Perhaps this is related to the poor transit of AR209 across
capillary walls due to the large size of the conjugated toxin
molecule yielding low serum levels of AR209, or the instabil-
ity of AR209 when stored for prolonged periods at 37°C [25].
With s.c. administration, AR209 must be transported into the
capillary, through the circulation and then again across the
capillary wall to exit at the site of the tumour. It was pre-
viously demonstrated that immunotoxins can accumulate in
s.c. xenografts [26]. Using radiolabelled immunotoxins, Sung
and colleagues demonstrated that the spatial distribution for
immunotoxins was punctate in appearance and showed large
spatial heterogeneity [27]. They proposed that the hetero-
geneous distribution of their immunotoxins reflected retarded
penetration due to binding to the tumour cells. Rippley and
Stokes found that the affinity to which the drug binds to its
receptor or the density of the receptor on the cellular surface
affected permeation of extracellular drug [28]. Specifically,
high receptor affinity or increased receptor density reduced
permeation of the drug while increasing the peak concentra-
tion of intracellular drug. They termed this phenomenon
‘internal trapping’ and suggested that it could account for
heterogeneous drug distribution often observed in experi-
mental systems. Therefore, maximal drug distribution and
optimal therapeutic effect may be mutually exclusive for



Anti-ErbB-2 Against Lung Cancer

drugs that require internalisation to be effective [28], as does
AR209. The human lung adenocarcinoma used in this study
expresses 7.7-fold more ErbB-2 than normal bronchial epi-
thelial cells [8]. This is far below the 330-fold increase in
protein expression found in the lung adenocarcinoma cell line
Calu-3. It seems unlikely, therefore, that AR209’s effect is
due to the presence of too many receptor molecules. The
more likely explanation for the observed results is the high
affinity to which AR209 complexes to the ErbB-2 protein.

The evaluation of tumours using immunohistochemical
staining for ErbB-2 was an important component of the cur-
rent study. Previously it was unknown if residual tumours
that arose after therapy were composed of a subpopulation of
cells that had lost the ErbB-2 protein marker and thus, would
be refractory to further treatment with AR209. It is encoura-
ging to note that the majority of tumours contained >50% of
cells expressing detectable levels of ErbB-2. Previous studies
have demonstrated that when as few as 10% of tumour cells
are killed, a significant ‘bystander effect’ results in the reduc-
tion of unaffected cells [29, 30]. Because so many cells in the
tumour express ErbB-2, it is likely that the oncotoxin binds to
ErbB-2-expressing cells on the periphery of the tumour and
does not penetrate deeply into the tumour [27, 28]. This may
explain the static effect of AR209 on large intrathoracic
tumours.

It seems likely that the most effective use of AR209 will be
in adjuvant therapy associated with surgical resection with
curative intent. The drug has demonstrated the ability to
prevent the development of small tumours and may be effec-
tive in eliminating undetected micrometastases. However,
our data suggest that large tumours will be poorly targeted by
AR209. Given that the overall 5 year survival rate for
NSCLC remains at only 13% [1], aggressive adjuvant therapy
with novel therapeutic agents may increase overall survival.
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