












bsAb, but not that of thePSMA�CD3control bsAb, also efficiently
prevented the outgrowth of GBM xenografts from NCH421k
GBM-SCs coimplanted with human CD8þ T cells.

Effects on established orthotopic GBM-SC–derived glioma
xenografts

In addition, we investigated the effect of the AC133�CD3bsAb
on established tumors using NCH421k GBM-SCs, which form
highly invasive tumors in the brain of immunodeficient mice
(5, 8). Luciferase-transducedNCH421kGBM-SCswere implanted
i.c., and the local implantation of human CD8þ T cells and
osmotic pumps filled with either the AC133�CD3 bsAb or the
PSMA�CD3 bsAb was delayed until day 7 when the BLI signal of
the NCH421k tumors had reached between 1 � 105 and 1 � 106

photons/s. As shown in Fig. 5D, in 4 of 5 mice treated with the
AC133�CD3 bsAb, a strong inhibition of tumor growth was
observed. In contrast, all the mice in the control group treated
with the PSMA�CD3 bsAb showed progressive tumor growth. To
confirm activity of the AC133�CD3 bsAb in later stage, estab-
lished brain tumors, treatment was started only after 14 days and
conducted until day 21. As shown in Fig. 5E, the tumors pro-
gressed between days 20 and 35 in PSMA�CD3 bsAb-treated
mice, whereas tumor growth was again strongly inhibited in
animals treated with the AC133�CD3 bsAb. These data demon-
strate that the AC133�CD3 bsAb has antitumor activity against
established tumors in orthotopic xenograft models with patient-
derived CSCs.

AC133�CD3 bsAb does not affect HSCs at concentrations
effective against tumor cells

Although the AC133�CD3 bsAb could be administered
locally into brain tumors as described above, a proportion of
the locally administered bsAb may escape into the blood
circulation and affect extracerebral AC133þ cells. About 40%
to 70% of human lineage-negative CD34þ HSCs are AC133-
positive (28). We therefore studied the effect of the
AC133�CD3 bsAb on the survival and function of human
CD34þ HSCs. We first compared the AC133 expression on
patient-derived NCH421k GBM-SCs and CD34þ HSCs by flow
cytometry. As shown in Fig. 6A, the antigen-positive proportion
of the CD34þ HSCs showed 5- to 7-fold lower expression than
NCH421k GBM-SCs, implying that CD34þ HSCs might be less
prone to AC133�CD3 bsAb-mediated lysis than the patient-
derived CSCs. At several different concentrations ranging from
0.1 to 5 nmol/L of the AC133�CD3 bsAb and an E:T ratio of
5:1, the CD34þ HSCs indeed remained viable, whereas the
NCH421k GBM-SCs were eliminated (Fig. 6B). Finally, we
assessed the functionality of the HSCs by analyzing their
colony-forming potential at two different concentrations
of the AC133�CD3 bsAb. Except for a minor reduction in
burst-forming unit-erythroid colony formation at a bsAb con-
centration of 1 nmol/L, no considerable effect of the bsAb on
erythroid and myeloid colony formation was observed at these
bsAb concentrations and an E:T ratio of 5:1 (Fig. 6C). Taken
together, these data strongly suggest that there is a therapeutic

Figure 4.
Antitumor activity of the AC133�CD3 bsAb against orthotopic U251 gliomas overexpressing CD133. CD133-overexpressing U251 cells were coimplanted with
CD8þ T cells into the brain of nudemice, followed by local infusion of either the AC133�CD3 or the PSMA�CD3 bsAb using 7-dayAlzet osmotic pumps (n¼ 6–7mice
per group). A, tumor growthwas monitored by BLI. B, differences in tumor volume at the end of the experiment (6.37� 1.02 mm3 for the AC133�CD3 bsAb-treated
group and 52.40 � 6.45 mm3 for the PSMA�CD3 bsAb-treated control group) were recorded by contrast-enhanced CT. Coronal and sagittal sections are
shown; the tumor area is highlighted in green. C, in addition, the tumorswere analyzed postmortemby staining brain sliceswith hematoxylin and scanning themwith
a whole-slide scanner. Representative sections are shown. ��� , P < 0.001; values represent means � SD.
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Figure 5.
Antitumor activity of the AC133�CD3 bsAb against orthotopic xenografts initiated from patient-derived GBM-SCs. NCH421k GBM-SCswere coimplantedwith CD8þ

T cells into the brain of nude mice, followed by local infusion of either the AC133�CD3 or the PSMA�CD3 bsAb using 7-day Alzet osmotic pumps (n¼ 6–7 mice per
group). A, tumor growth was monitored by BLI. B, differences in tumor volume at the end of the experiment (5.66 � 1.11 mm3 for the AC133�CD3 bsAb-treated
group and 45.85 � 13.98 mm3 for the PSMA�CD3 bsAb-treated control group) were recorded by contrast-enhanced CT. Coronal and sagittal sections are
shown; the tumor area is highlighted in green. C, in addition, the tumorswere analyzed postmortemby staining brain sliceswith hematoxylin and scanning themwith
a whole-slide scanner. Representative sections are shown (� , P < 0.05; values represent means � SD). D, treatment of established NCH421k tumors. CD8þ T cells
were locally injected 7 days after tumor cell implantation, followed by osmotic pump–mediated microinfusion of the AC133�CD3 or the PSMA�CD3 bsAb
from day 7 to day 14. Tumor growth was monitored by BLI. Dashed lines represent each individual mouse (n¼ 5 mice per group). E, delayed treatment of NCH421k
tumors from day 14 to day 21 after tumor cell implantation (n ¼ 6 mice per group).
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window not only upon i.c. but also upon systemic adminis-
tration of the AC133�CD3 bsAb, where AC133þ CSCs are
killed but HSCs are spared.

Discussion
bsAbs recruiting polyclonal T cells to tumor cells are capable

of inducing very potent tumor cell lysis (see Fig. 2C, D, and F).
An important prerequisite for the efficacy of T-cell–recruiting
bsAbs in the treatment of solid tumors is the presence of T cells
in the tumor, particularly CD8þ cytotoxic T cells. Although
some solid tumors are T-cell–inflamed, it is likely that the T-cell
frequencies in advanced tumors are often not sufficient for
complete elimination of tumor cells by bsAb-redirected T cells
(29). However, the approach may be more efficient in minimal
residual disease, for example, after incomplete surgical resec-
tion of invasive brain tumors. Autologous polyclonal T cells
and T-cell–recruiting bsAbs locally applied may destroy resid-
ual tumor cells that are present in the resection cavity wall or
have invaded the surrounding tissue. Earlier reports on local
postsurgical treatment of high-grade gliomas with T-cell–
recruiting bsAbs have shown clinical antitumor activity. Tumor
regressions and prolonged survival in the majority of patients
were reported in a study where lymphokine-activated killer cells
preloaded with chemically cross-linked bsAbs with anti-glioma
activity (but unknown specificity) were locally applied with
Ommaya reservoirs (30). Also, resting T cells preloaded with
chemically prepared EGFR-specific T-cell–recruiting antibody
fragments were applied in a similar way and evidence for
clinical activity was observed in some patients (31). We have
observed that T-cell–recruiting bsAbs are rapidly internalized
after binding to T cells, which would adversely affect the
efficacy of T cells preloaded with bsAbs. We therefore did not
use preloaded T cells but continuously infused the bsAb locally
for several days after i.c. injection of CD8þ T cells at the tumor
implantation site. Moreover, we targeted the AC133 epitope, an
intensely studied CSC marker expressed on CSCs of many
tumor entities, including high-grade gliomas. CSCs appear to

be ideal targets particularly for postsurgical treatments because
they preferentially locate to the invasive front of highly aggres-
sive tumors, thereby often escaping surgical resection
(5, 9, 10, 12). Moreover, they are responsible for tumor recur-
rences due to their high resistance to genotoxic therapies and
their unique ability of tumor initiation (1–3, 5, 32). We indeed
observed strong antitumoral effects of the AC133�CD3 bsAb
on orthotopic GBM-SC–derived tumors (see Fig. 5), which are
highly invasive (5, 8).

CSCs as targets for T-cell–recruiting antibodies in solid tumors
have already been addressed by others. In these studies,
EpCAM�CD3 bsAbs were effective against CSCs, including CSCs
that coexpress EpCAM and CD133 (33–35). However, EpCAM is
not expressed on all CSCs of EpCAMþ carcinomas (36, 37), and
nonepithelial malignancies, such as primary brain tumors, leu-
kemias, and sarcomas, are EpCAM-negative. Another promising
target for T-cell–recruiting bsAbs is the highly tumor-specific
EGFR variant EGFRvIII, which is expressed in 30%ofGBM tumors
and some other malignancies. EGFRvIII-specific T-cell–recruiting
antibodies have shown activity against orthotopic EGFRvIII-over-
expressing U87 gliomas in immunodeficient mice (38). It has
recently been shown that EGFRvIII is associated with GBM-SCs
and coexpressed with CD133 as well as other stem cell and
progenitor markers (39). EGFRvIII-specific T-cell–recruiting Abs
may therefore also induce T-cell–mediated lysis of CSCs, includ-
ing GBM-SCs, in EGFRvIIIþ patients. CSCs may also be lysed by
cytokine-induced killer cells coated with chemically cross-linked
anti-CD133/CD3 bsAbs, which have recently been shown to lyse
conventional CD133high tumor cell lines better than uncoated
cytokine-induced killer cells (40).

The AC133/CD133þ fraction among primary GBMs was
reported to range from �1% to 50% (21, 23). In the latter study,
a considerable proportion of tumors contained >10% or even
>25% of AC133þ cells. Furthermore, the frequencies of CD133þ

glioma cells and their proliferation seem to increase considerably
at GBM recurrence (41). AC133þ tumor stem cells could perhaps
also be targeted in brain tumors other than GBM. For medullo-
blastomas, 6% to 21% AC133þ cells have been reported (23).

Figure 6.
The multilineage reconstitution potential of human HSCs is not affected at AC133�CD3 bsAb concentrations effective against GBM-SCs. A, FACS analysis showing
considerably lower AC133 expression of CD34þ HSCs compared with NCH421k GBM-SCs. Results shown are representative of four different experiments.
B, FACS-based cytotoxicity assay showing unaffected CD34þHSCs at various concentrations of the AC133�CD3 bsAb (in the range between 0.1 and 5 nmol/L) that
mediate T-cell–induced killing of NCH421k GBM-SCs. Target cells were labeled with PKH and incubated with CD8þ T cells at an E:T ratio of 5:1 for 48 hours.
C, hematopoietic colony-forming unit assays testing the functionality of CD34þHSCs. Following in vitro incubation of CD34þHSCswith CD8þ T cells at an E:T ratio of
5:1 and 0.5 or 1 nmol/L AC133�CD3 bsAb for 48 hours, the CD8þ T cells were removed and different colony-forming assays were performed. Except for a minor
reduction of burst-forming unit-erythroid colony formation at 1 nmol/L bsAb, colony formation was not negatively affected. Data (mean and SD of technical
replicates) are representative of two (B) or three (C) independent experiments with similar results.
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Particularly high frequencies (1%–36% at diagnosis and 30%–

70% at relapse) have been found in teratoid/rhabdoid brain
tumors (42). AC133þ tumor stem cells have also been detected
in ependymomas (23).

T-cell–recruiting bsAbs may cause off-tumor effects by recruit-
ing T cells to antigen-positive normal tissue, particularly stem
cells. However, while fetal human neural stem cells are AC133-
positive, postnatally, neurogenic astrocytes in the stem cell
regions of the brain do not seem to express AC133 (43), which
would be a good prerequisite for local AC133-targeted therapies
of brain tumors.Moreover, local application into the tumor or the
resection cavity may be capable of minimizing potential adverse
effects. An advantage of the simultaneous, but separate, local
application of bsAb and T cells could be that the application of the
bsAb, which has a short half-life and is rapidly internalized into
the T cells, can be stopped any time. Local application of T cells
and antibody therapeutics can be more efficient than systemic
treatment of locally advanced or incompletely resected intra- and
extracerebral tumors, and feasibility and efficacy in patients will
likely further increase with new emerging technologies (44–47).

Outside the brain, AC133 is expressed on subsets of normal
stem cells in adult tissues (19). We found that human CD34þ

HSCs express considerably less surface AC133 than NCH421k
GBM-SCs. Nevertheless, further preclinical studies are required to
find out whether AC133þ HSCs could be spared upon in vivo
administration (local or systemic) of the AC133�CD3 bsAb or to
what extent hematopoiesis would be affected in case of depletion
of the AC133þ HSC subset. In case of tolerable normal-tissue
toxicity, treatment of extracerebralmalignancies, particularly such
with relatively high frequencies of AC133þ CSCs, could be con-
sidered, for example, colon cancer (containing 2%–19% AC133þ

cells; ref. 24) or ovarian cancer (containing 0.3%–35% AC133þ

cells; refs. 48, 49). Pancreatic cancers and lung cancers usually
contain smaller populations of AC133þ tumor cells (mean: 1.8%
and 5%, respectively; refs. 12, 50). Because of their preferred
localization at the invasive tumor front and their high relevance
for tumor invasion andmetastasis (5, 12), elimination of residual
AC133þ CSCs after surgery may nevertheless enhance treatment
outcomes even in tumors with low frequencies of functionally
highly relevant CSCs.

In conclusion, our preclinical data show high activity of the
AC133�CD3 bsAb against patient-derived AC133þ GBM-SCs
in vitro as well as in vivo in s.c. and orthotopic models of brain
tumors, including established, invasive, GBM-SC–driven brain
tumors. Locally applied together with autologous CD8þ T cells as
performed in this study, this new CSC-specific T-cell–recruiting
antibody may be beneficial for the treatment of highly aggressive

CSC-driven tumors, particularly when administered into surgi-
cally created resection cavities of brain tumors containingAC133þ

CSCs. The efficacy may further be enhanced by simultaneous
targeting of CSCs with other surface markers, if present, or by
combination with approaches inducing long-lasting antitumor
immunity against tumor cells. Patients eligible for therapy could
perhaps be selected and monitored by AC133 mAb-mediated
imaging (5). Together with immunohistochemical analyses, non-
invasive imaging could also help acquire as much information as
possible on normal-tissue expression of AC133, an indispensable
prerequisite for potential clinical trials of AC133-targeted
therapies.
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