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Abstract The discovery of chemoresistant cancer stem cells
(CSCs) in carcinomas has created the need for therapies that
specifically target these subpopulations of cells. Here, we
characterized a bispecific targeted toxin that is composed of
two antibody fragments and a catalytic protein toxin allowing
it to bind two CSC markers on the same cell killing this
resistant subpopulation. CD133 is a well-known CSC marker
and has been successfully targeted and caused regression of
head and neck squamous cell carcinoma (HNSCC) in vivo. To
enable it to bind a broader range of CSCs, an anti-epithelial
cell adhesion molecule (EpCAM) scFv was added to create
dEpCAMCD133KDEL, a deimmunized bispecific targeted
toxin on a single amino acid chain. This bispecific potently
inhibited protein translation and proliferation in vitro in three
different types of carcinoma. Furthermore, in a CSC spheroid
model dEpCAMCDI133KDEL eliminated Mary-X spheroids,
an inflammatory breast carcinoma. Finally, this bispecific also
caused tumor regression in an in vivo model of HNSCC. This
represents the first bispecific CSC-targeted toxin and warrants
further development as a possible therapy for carcinoma.
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Introduction

Epithelial cell adhesion molecule (EpCAM) is an established
cancer target for drug therapy and has many diverse roles in
cancer cells, such as cell signaling, proliferation, differentia-
tion, and migration [1, 2]. Recently, interest has intensified
since EpCAM has also been shown to be a direct target in the
Whnt/(3-catenin signaling pathway, a key pathway used by both
cancer stem cells (CSCs) and normal adult stem cells that
enables cells to self-renew and differentiate into multiple cell
types. Mutations or disruptions in this pathway in normal stem
cells can lead to excessive proliferation and stem cell self-
renewal resulting in tumor formation [3, 4]. Unsurprisingly
then, it has been shown that high levels of EpCAM expression
correlates with increased tumorigenesis in a range of carcino-
mas including breast, colon, and head and neck squamous cell
carcinoma (HNSCC) [5, 6]. All of this has made EpCAM an
attractive marker for targeted therapy.

CD133 was originally discovered as a pentaspan membrane
glycoprotein that was a marker for a population of hematopoietic
stem cells [7]. Today, it is an established CSC marker in many
carcinomas, such as breast, colon, prostate, and HNSCC among
others [8, 9]. Like EpCAM, CD133 is involved in the Wnt/(3-
catenin signaling pathway [10—12]. We recently synthesized a
new anti-CD133 monoclonal antibody (clone 7) that differs
from other anti-CD133 antibodies in that it recognizes the
extracellular domain and is cross-reactive with mouse CD133
[13]. The scFv from this monoclonal antibody was used to
construct a deimmunized anti-CD133 targeted toxin, called
dCD133KDEL, which showed efficacy against HNSCC, breast,
and ovarian carcinoma in vitro and in vivo [14-16]. These
findings validated our strategy of targeting CSC, which are
critical in cancer cell self-renewal and drug refractory relapse.

Our laboratory has specialized in development of new
biological drugs that are best described as bispecific targeted
toxins because they consist of two cancer cell-directed li-
gands on the same molecule as a catalytic toxin [17-20].

@ Springer



240

Targ Oncol (2014) 9:239-249

Because of the efficacy shown by a novel monospecific
CD133-directed targeted toxin [14] and the promising results
of clinical trials using a monospecific anti-EpCAM TT
[21-23], we synthesized a novel bispecific TT using both
anti-EpCAM and anti-CD133 scFvs. A targeted toxin is a
biological drug consisting of a ligand specific for a given cell
surface receptor conjugated to a catalytic protein toxin. TTs
have been shown to be useful in cancer therapy and provide
potent and selective toxicity in targeted cells. The first step in
the mechanism of TT action is the binding of the ligand
portion of the molecule to the specific receptor. The receptor
then must be internalized. The TT then escapes from its
vesicle into the cytosol where the toxin portion binds and
inhibits its target. Pseudomonas exotoxin (PE) functions by
ADP-ribosylation of EF2 thereby inhibiting translation and
inducing cell death [24]. In our studies, we used a genetically
deimmunized variant of PE that was modified to include the
lysosomal retention sequence and C-terminal signal Lys-Asp-
Glu-Leu (KDEL) to enhance its potency [14, 17, 19, 25].

In this article, we show that a novel bispecific CSC TT,
dEpCAMCDI133KDEL, potently inhibits multiple carcinoma
lines in vitro and causes regression in HNSCC tumors in vivo.
This represents the first bispecific CSC targeting agent and
warrants further development as a possible clinical adjunct for
cancer therapy.

Materials and methods
Construction of dEpCAMCD133KDEL

DNA of dEpCAMCD133KDEL was synthesized using DNA
shuffling and DNA ligation techniques resulting in the fusion
of genes encoding the humanized anti-EpCAM scFv from the
antibody MOC31, anti-CD133 scFV from clone 7, and a
deimmunized truncated form of PE 38 used previously [14,
17-19]. The resulting fusion DNA sequence contained (5'-3")
and Ncol restriction site, an ATG initiation codon, the
EpCAM scFv, the CD133 scFv, a 7-amino acid EASGGPE
linker, the gene encoding the deimmunized truncated PE38
with a DNA sequence encoding KDEL replacing the REDLK,
followed by a Nofl restriction site at the 3’ end of the DNA
fusion sequence. This gene was then spliced into the pET21d
bacterial expression vector containing an inducible isopropyl-
b-D-thiogalactopyranoside T7 promoter and a carbenicillin
selection gene. The DNA sequence was verified by DNA
sequence analysis done at the University of Minnesota
BioMedical Genomics Center (Minneapolis, MN).

Purification of dEpCAMCD133KDEL

Purification was performed as described previously [26].
Briefly, the protein was expressed and purified from inclusion
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bodies using the Novagen pET expression system
(Darmstadt, Germany). Then a two-step purification pro-
cedure was performed using an ion-exchange fast pro-
tein liquid chromatography (Q sepharose Fast Flow,
Sigma, Saint Louis, MO) followed by size exclusion chro-
matography (Hiload Superdex 200, GE Life Sciences,
Uppsala, Sweden). The purified protein was then analyzed
by Bradford to determine the concentration and by SDS-
PAGE stained with Coomassie Brilliant Blue to deter-
mine purity. The CD133 scFv from clone 7 and an anti-
EpCAM Fc that was used to construct another bispecific
TT described previously [20] were also produced and
purified using this purification procedure and used in
flow cytometric assays to determine the binding of
dEpCAMCDI133KDEL. DT2219 ARL and 2219 KDEL are
anti-B cell targeted toxins used as controls [19].

Cell lines and culturing techniques

UMSCC-11B is an HNSCC line that was derived from
larynx tumor following chemotherapy [27]. UMSCC11B-
luc was transfected using a luciferase reporter construct and
maintained with 10 pg/mL of blastocidin. Cells were
transfected using Invitrogen’s Lipofectamine Reagent. NA-
SCC is another HNSCC line isolated from a tongue tumor
[28]. Both lines were obtained from Dr. Frank Ondrey
(University of Minnesota) who previously obtained them
from their originator, Dr. Thomas E. Carey, Department of
Otolaryngology-Head and Neck Surgery, University of
Michigan in 2009. NA-SCC and UMSCC-11B cell lines
were authenticated this year by STR testing done by the
Fragment Analysis Facility, John Hopkins University.
Caco-2 and HT-29 (colorectal carcinomas), BT-474 and
SK-BR3 (breast carcinomas), Raji and Daudi (B-cell lym-
phomas), and U-87 (glioblastoma) were obtained from
ATCC (Manassas, VA) and were positive for the appropriate
markers. Only cells that were greater than 90 % viable were
used for experimentation. Mary-X is an inflammatory breast
carcinoma spheroid line and was obtained from Dr. Sanford
Barsky (University of Nevada).

Flow cytometry

EpCAM and CDI133 expression was analyzed using a
FACSCalibur at the University of Minnesota Flow Cytometry
Core Facility. Antibodies and proteins used in flow cytometry
were labeled with fluorescein isothiocyanate (FITC). Analysis
of the results was performed using FLOWIJO.

Bioassays to measure cellular proliferation

To measure the level of proliferation and the effect
dEpCAMCDI133KDEL was having on the carcinoma lines,
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*H-thymidine (or *H-leucine when cell lines did not take up
thymidine) incorporation assays were used. Cells were plat-
ed in 96-well flat-bottomed plates and allowed to adhere
overnight in appropriate media (leucine-free when *H-leucine
was used). The toxins were then added in triplicate at 10-fold
dilutions to determine the ICs, values. Plates would then be
incubated for an additional 48 h. *H-thymidine or *H-leucine

would then be added for a final 18-h incubation. Plates were
then frozen to detach cells, and then thawed and harvested
onto glass fiber filters, which were then washed, dried, and
counted using standard scintillation methods. Trypan blue
viability assays were also done to test the activity of
dEpCAMCDI133KDEL against the HNSCC lines. This was
performed as described previously [14]. Briefly, cells were
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Fig. 1 Flow cytometry was performed on Caco-2 cells to test the binding
ability of FITC-labeled dEpCAMCD133KDEL. When either CD133
scFv or EpCAM scFv was added separately with dEpCAM133KDEL-
FITC to the cells, the binding of the bispecific drug was not blocked. In
contrast, when both were added in combination, the binding of

FL1-H: EpCAMCD133KDEL FITC

FL1-H: EpCAMCD133KDEL FITC

dEpCAMCDI133KDEL was significantly reduced indicating that both
binding domains of dEpCAMCDI133KDEL are functional. When one
receptor is blocked, the other is still free to bind. However, when both are
simultaneously blocked, binding cannot occur
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plated in 24-well plates and toxin added daily. Cells were
harvested using trypsin and counted using trypan blue. For the
Mary-X spheroid assay, spheroids were plated into 24-well plates
and counted to determine the starting number of spheroids per
well. Then toxin was added daily and the number of spheroids
counted on subsequent days. GraphPad Prism was used to
analyze and graph all assay results. Data are reported as the
percentage of control counts in the *H-thymidine or *H-leucine
assays and the Mary-X assay, and as cell number in the trypan
blue viability assays. All assays were repeated at least three times
to ensure reproducibility, and representative figures are shown.

Tumor treatment studies

For study one, six million UMSCC-11B/luc cells were injected
into the right flank of 15 nude mice. Starting on day 7, tumors
were treated with 20 pg/mouse of dEpCAMCDI133KDEL,
2219KDEL, or 100 puL of saline. Mice were given four courses
of injections where one course was three injections given every
other day (MWF) for 1 week. Mice were weighed weekly, and
weights were recorded. Image could not be obtained for mouse
2 in the dEpCAMCDI133KDEL group for day 48 but was
visibly tumor free by caliper measurement.

For study two, 3.5 million UMSCC-11B/luc cells were
injected into the right flanks of nine nude mice. Treatment began
on day 12 and continued four times a week (MTWTh) for 7 weeks
with five mice receiving 20 pg of dEpCAMCDI133KDEL and
the remaining four mice receiving 10 pg of DT2219ARL control,
which is its MTD.

For both studies, mice were imaged every other week using
the Xenogen Ivis 100 imaging system and analyzed with
Living Image 2.5 software (Xenogen Corporation, Cranbury,
NJ). Mice were injected with 3 mg of luciferin substrate

Table 1 Flow cytometry was performed on a number of cancer lines to
determine the level of EpCAM and CD133 positivities

Cell Line EpCAM+ CD133+ AHNI2
Caco-2 99.4 90.0 1.3
HT-29 98.8 2.61 2.18
UMSCC-11B 98.3 5.90 0.50
NA-SCC 97.9 5.88 0.65
BT-474 97.2 4.09 0.47
SK-BR3 96.7 4.40 0.98
ug7 1.33 2.38 0.46
Raji 0.27 2.27 91.2

As shown here, colon carcinoma, HNSCC, and breast carcinoma lines
were highly positive for EpCAM and had a subpopulation of CD133+
cells. Caco-2 was the only line tested that was highly positive for both
EpCAM and CD133. U87, a glioblastoma, was mostly negative for
EpCAM, but still had a small subpopulation of CD133+ cells. A CD45
antibody, AHN-12, was used as a negative control for all the cell lines
except Raji, a B cell lymphoma, where it acted as the positive control
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10 min before imaging and anesthetized via isoflurane gas
inhalation. Two-minute exposures were performed to capture
tumor fluorescence. Units for the regions of interest are
expressed as photons per second per cubic meter per steradian.

Results
dEpCAMCDI133KDEL binds selectively

To determine whether both scFv portions of dEpCAMCD
133KDEL were functional and bound their respective recep-
tors, flow cytometry was performed on Caco-2 cells, a colon
carcinoma. Caco-2 highly expresses both EpCAM and CD133.
As can be seen on Fig. 1, FITC-labeled CD133 scFv from
clone 7 and a humanized EpCAM Fc bound and were 90 and
99.4 9% positive respectively, while dEpCAMCDI133KDEL
bound with high affinity as well. When dEpCAMCD133KDEL
was blocked with either unlabeled CD133scFv or unlabeled
EpCAM separately, the bispecific was still able to bind via its
other ligand. But when unlabeled CD133 and EpCAM were both
added, the binding of dEpCAMCD133KDEL was blocked.
Another colon carcinoma, HT-29, was tested for its level
of EpCAM and CD133 expression to determine whether it
might be a suitable target for dEpCAMCDI133KDEL. As
seen in Table 1, HT-29 was 98.8 % EpCAM positive and
2.61 % CD133 positive. The table also shows two HNSCCs
(UMSCC-11B and NA-SCC) and two breast carcinomas
(BT-474 and SKBR3) which all showed low levels of
CD133 expression and very high levels of EpCAM expres-
sion. Two negative control cell lines, U87 and Raji, were also
tested on flow cytometry and also expressed low levels of
CD133, but both had negligible EpCAM expression.

Bioassays show dEpCAMCD133KDEL activity

To test the efficacy of dEpCAMCDI133KDEL, the HNSCC
lines were tested in *H-leucine incorporation assays to determine

Fig. 2 Leucine and thymidine incorporation assays show the ability of P

dEpCAMCDI133KDEL to inhibit the proliferation of carcinoma lines.
UMSCC-11B (a) and NA-SCC (b) cells were incubated with
dEpCAMCDI133KDEL and the 50 % inhibitory concentration (ICsg)
was determined to be 0.025 and 0.0045 nM, respectively. Two colon
carcinoma lines Caco-2 (¢) and HT-29 (d) were also potently inhibited
by dEpCAMCDI133KDEL with ICsq values of 0.044 and 0.021 nM,
respectively. dEpCAMCD133KDEL was also tested against BT-474 (e)
and SK-BR3 (f). Two breast carcinomas and subnanomolar ICs, values
were 0.046 and 0.009 nM, respectively. Finally, two negative control
lines were tested to test the specificity of dEpCAMCDI133KDEL. U87
is a glioblastoma line that is EpCAM negative and has little CD133
expression. dEpCAMCD133KDEL had no effect, while the positive
control targeted toxin, dEGFATFKDEL had an ICsq of 0.03 nM. Like-
wise, dEpCAMCD133KDEL had no effect on Raji, a B cell lymphoma,
but the positive control targeted toxin d2219ARLKDEL inhibited with
an ICs value of 0.029 nM
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the level of protein translation inhibition. As seen in Fig. 2a, b,
dEpCAMCDI133KDEL inhibited both UMSCC-11B and NA-
SCC with ICs, values of 0.025 and 0.0045 nM, respectively.

Concentration (nM)

Similar ICs, values were obtained when the two colon carcinoma
lines were tested. Furthermore, dEpCAMCD133KDEL showed
subnanomolar activity against the two breast carcinomas shown
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in Fig. 2e, f as well. However, as seen in Fig. 2g, h, the
two EpCAM negative cell lines were not affected by
dEpCAMCDI133KDEL at the concentrations tested, while
positive controls potently inhibited proliferation.

To determine whether the inhibition of protein translation was
causing cell death in the cancer lines, time course viability assays
were performed. As seen in Fig. 3a, dEpCAMCDI133KDEL
killed all UMSCC-11B carcinoma cells while a negative control
TT, CD19KDEL, did not. NA-SCC cells were killed in the same
manner in Fig. 3b. Furthermore, when inflammatory breast
carcinoma Mary-X spheroids were tested in a time course spher-
oid assay in Fig. 3c, dEpCAMCDI133KDEL eliminated the

spheroids while the negative control had no effect. The mono-
specific targeted toxins were also tested in this assay and both
were also able to eliminate tumor spheroids over time.

dEpCAMCDI133KDEL effective in HNSCC mouse studies

To determine the ability of dEpCAMCDI133KDEL to cause
tumor regression in vivo, nude mice were injected with
UMSCC-11B/luc cells into their right flanks. In the first study
(Fig. 4), three groups of mice (five mice/group) were treated
intratumorally starting on day 7. Thus, these were smaller
tumors at the time the therapy was initiated. Treatment was

Fig. 3 Time course viability a UMSCC-11B TVA
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Fig. 4 In experiment 1, UMSCC-11B/luc cells were injected into the right
flanks of nude mice and treatment began on day 7. dEpCAMCD133KDEL
caused tumor regression in all treated animals, with four of five being
tumor free on day 48. Bioluminescence is shown on each picture as a

discontinued on day 40. All five dEpCAMCDI133KDEL-
treated tumors regressed, with four mice achieving tumor-
free status measured by imaging. Caliper data reflected the
imaging results. In the second study shown in Fig. 5, tumors
were permitted to grow larger and become more established
before therapy was begun. Mice were treated intratumorally
starting on day 12 instead of day 7. One group of five mice was
treated with dEpCAMCDI133KDEL and another group was
treated with the negative control DT2219ARL since there are
no B cell markers on UMSCC-11B. Treatment was discontinued
on day 63. Figure 5 shows that all tumors responded to
dEpCAMCDI133KDEL therapy and three of the tumors
completely regressed. The negative control tumors were unaf-
fected. The drop in tumor size in the DT2219ARL group on
day 32 occurred because two of the four tumors ulcerated
causing a temporary decrease in tumor size. Interestingly, re-
gressions did take place slowly overtime in keeping with our
hypothesis that destruction of CSC prevented self-renewal. We
did not see any significant weight loss in either study, which

20 34 48

function of photons/s/cm?/sr. The intensity of the signal is illustrated by the
color bar. The average tumor measurement by caliper measurement on the
graph corresponds to the imaging data showing tumor regression in the
dEpCAMCD133KDEL-treated mice

would have been indicative of toxicity. As seen in Fig. 6, the
average weights remained steady throughout each study.

In order to evaluate whether the monospecific drugs were
as effective as the bispecific drug, in experiment 2, a third
group of mice were treated with monospecific anti-CD133-
targeted toxin (not shown). In this case, responses were
noted, but not all of the animals completely responded as
they did for the bispecific drug. Thus, in vivo findings
correlated with the in vitro Mary-X data shown in Fig. 3¢
in that the dEpCAMI133KDEL was more effective than
monospecific dCD133KDEL. In addition, it was not possi-
ble to assess monospecific EpCAMKDEL at this dose since
it exceeded the MTD.

Discussion

A common problem in carcinoma therapy is drug refractory
relapse. CSCs have been widely implicated as the particular cells
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Study 2

dEpCAMCD133KDEL
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Average Tumor Size

—a— dEpCAMCD133KDEL
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Fig. 5 In experiment 2, UMSCC-11B/luc cells were injected into the
right flanks of nude mice and allowed to grow until day 12 when
treatment began. The starting average tumor size was almost twice the
starting size of the tumors in experiment 1. Imaging and caliper data

responsible for the development of this tumor chemoresistance
[8, 29-32]. Therefore, it is imperative that adjunct therapies are
developed that can target this subpopulation of cells. We have
developed and tested the first known bispecific TT specifically
designed to simultaneously bind two independent markers on
CSCs.

In these studies, we determined the efficacy of dEpCAMC
D133KDEL against head and neck, breast, and colon carci-
noma and found that it potently inhibited proliferation. We
also showed the ability of dEpCAMCDI133KDEL to kill
tumor spheroids in an in vitro assay using the transplantable
human inflammatory breast carcinoma, MARY-X [33]. This
is significant because tumor spheroids are enriched with
CSCs and show enhanced tumorigenicity and clonogenic
and differentiation potential [34]. Furthermore, we have
shown the ability of this bispecific TT to cause tumor regression
of small tumors and more established tumors using an in vivo

@ Springer

DT2219ARL
Day 9 23 37 51 64

show tumor regression in all five dJEpCAMCD133KDEL-treated mice,
while the negative control, DT2219ARL, had no effect. Three out of
five mice were tumor free when the study was discontinued on day 64

model of HNSCC. This drug is unique because not only
does dEpCAMCDI33KDEL target the CSC population
within carcinomas via CDI133 but it can also bind
EpCAM, a commonly overexpressed marker in many carci-
nomas. EpCAM has recently been recognized as a CSC
marker [5, 35, 36]. Furthermore, high EpCAM expression
correlates with increased tumorigenicity while little or no
EpCAM expression does not [5, 6].

There are potential benefits in simultaneously targeting two
independent markers expressed on CSCs. First, not all carci-
nomas express the same CSC markers [8, 37]. Furthermore,
CSC biomarkers are imperfect in that there is a dynamic
continuum where certain markers are expressed for varying
amounts of time and can be reexpressed from more differen-
tiated non-CSC populations due to back differentiation [38].
For instance, markers such as CD133 that are known to be
expressed on many CSC populations undergo a high rate of
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Fig. 6 Average group weights from mouse experiments 1 (a) and 2 (b)
are shown. No toxic side effects were visually observed in the mice.
Additionally, no significant weight loss occurred despite the high mul-
tiple dosing which indicates the absence of significant off-target effects
by dEpCAMCDI133KDEL

plasticity, a phenomenon in which CD133 expression can
arise from the more differentiated CD133 negative cell popu-
lation [39]. Thus, using two CSC reactive ligands would target
a broader population of CSCs. Targeting a marker such as
EpCAM that has more widespread expression would not only
target independent populations of CSCs but also inhibit pop-
ulations of cancer cells from which CSCs may arise.

The monospecific targeted toxins, EpCAMKDEL and
dCD133KDEL, were tested in the in vitro Mary-X spheroid
assay to determine their efficacy compared with the
bispecific drug. While, EpCAMKDEL was as potent as the
bispecific drug in vitro, it was much more toxic than the
bispecific TT in vivo. This prevented EpCAMKDEL from
being tested at the same dose as dEpCAMI133KDEL. The
monospecific drugs are also smaller than the bispecific TT
and may be more readily filtered into the liver and/or kidney
causing these nontarget toxicities. Taken together, these data
show that dEpCAMCDI133KDEL was more effective com-
pared with dCD133KDEL and was more effective in vitro
and in vivo.

A major limitation of past TTs has been the development
of neutralizing antibodies following prolonged treatment.
We have addressed this issue by deimmunizing the truncated
version of PE by mutating key immunogenic epitopes on the
surface of the molecule. This lowers the immunogenicity of
this toxin and significantly reduces the amount of anti-toxin
antibodies produced [14, 40]. This deimmunized toxin has
been used and tested for a number of targeted toxins we have
developed [14, 17, 19].

Past studies have shown that current chemotherapy in
combination with a TT is more effective than using either
therapy alone [41, 42]. It will be interesting to test whether
this principle is also true when using a CSC-targeted therapy
in combination with classical chemotherapy. The hypothesis
would be that the chemotherapy would target the rapidly
dividing bulk of the tumor, while the CSC-targeted therapy
would eliminate the subpopulation of cells responsible for
the development of chemoresistance. This dual approach
may be necessary in order to achieve tumor regression and
prevent drug refractory relapse.

We chose our animal model based on the fact that
intratumoral injection is an accepted model for testing drug
efficacy in head and neck cancer. There are many examples of
head and neck cancer clinical trials whereby drugs are admin-
istered directly to the tumor site [21, 43]. Undoubtedly, this
relates to the accessibility of the primary tumor nodule.
Still, it will be important to understand the activity of
the drug when given systemically. Thus, future studies
are planned to optimize the dose and dose schedules
using intravenous or interperitoneal injections in other
models of carcinoma.

In summary, we have developed a novel deimmunized
bispecific TT that selectively binds both EpCAM and
CD133 CSC markers. Targeting these drug-resistant CSC
offers a potential solution to our most challenging problem
in cancer therapy, drug refractory relapse. dEpCAMCD
133KDEL potently inhibited cellular proliferation in three
different types of carcinoma. Furthermore, it caused tumor
regression in in vivo studies using a HNSCC mouse model.
This work represents the first known bispecific CSC TT, and
we believe dEpCAMCD133KDEL warrants further study as a
potential therapy for use in human carcinoma.
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