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Abstract

Purpose: The paucity of new drugs for the treatment of Ewing
sarcoma (EWS) limits the cure of these patients. CD99 has a strong
membranous expression in EWS cells and, being also necessary for
tumor survival, is a suitable target to aim at. In this article, we
described a novel human monospecific bivalent single-chain
fragment variable diabody (dAbd C7) directed against CD99 of
potential clinical application.

Experimental Design: In vitro and in vivo evaluation of cell
death and of the molecular mechanisms triggered by anti-CD99
agents were performed alone or in combination with doxorubicin
to demonstrate efficacy and selectivity of the new dAbd C7.

Results: The dAbd C7 induced rapid and massive EWS cell
death through Mdm2 degradation and p53 reactivation. Mdm?2
overexpression as well as silencing of p53 in p53wt EWS cells

Introduction

Ewing sarcoma (EWS) is a relatively rare mesenchymal tumor
that hits preferentially children and adolescents. Roughly 70% of
patients with localized disease at diagnosis can now be cured with
conventional agents (1) at risk of suffering low quality of life due
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decreased CD99-induced EWS cell death, whereas treatment with
nutlin-3 enhanced it. Furthermore, cell death was associated
with induction of p21, bax, and mitochondrial depolarization
together with substantial inhibition of tumor cell proliferation.
Combined treatment of anti-CD99 dAbd C7 with doxorubicin
was additive both in vitro and in vivo against EWS xenografts.
Normal mesenchymal stem cells showed no p53 activation and
were resistant to cell death, unless transformed by EWS-FLI, the
oncogenic driver of EWS.

Conclusions: These results indicate that dAbd C7 is a suitable
candidate tool to target CD99 in patients with EWS able to spare
normal stem cells from death as it needs an aberrant genetic
context for the efficient delivery of CD99-triggered cell death. Clin
Cancer Res; 21(1); 146-56. ©2014 AACR.

to limb-salvage procedures, prolonged dose-dense chemothera-
py, development of chronic severe pathologies and risk of sec-
ondary malignancies (2). For patients with metastasis prognosis
remains grim (3) and few treatments can be offered to those who
relapse after first-line therapies. Rarity of the disease has limited
substantial advances in therapy and any improvements mainly
rely on public investments. Therefore, development of suitable
drugs in academia may represent a first step to develop new
therapeutics for EWS and, in this effort, anti-CD99 approaches
are very promising (4, 5).

Although present on the X chromosome, the MIC2 gene
encoding for CD99 does not undergo X inactivation (6). The
crucial biologic processes involving CD99 include lymphocyte
development, cell adhesion and monocyte diapedesis, and
expression of TCR, MHC class I and II as well as of some
adhesion molecules (i.e., ELAM-1, VCAM-1, ICAM-1) by mobi-
lization of these molecules from the Golgi to the plasma
membrane (7-14). In pathology, CD99 is found on the cell
surface of EWS, acute lymphoblastic leukemia, thymic tumors,
some spindle cell tumors (e.g., synovial sarcoma), hemangio-
pericytoma, meningioma, and malignant glioma, in which it
confers high invasiveness and low survival rates (13, 15-18). In
EWS, the EWS-FLI1 oncogenic activity (19) is facilitated by
CDY9 likely because it hampers cell differentiation maintaining
an high proliferation rate (20). Indeed CD99 knockdown in
EWS cells induces terminal neural differentiation and reduces
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Translational Relevance

We presented a new therapeutic agent in the format of
human monospecific diabody (dAbd C7) against CD99 to
be exploited in the treatment of Ewing sarcoma, a pediatric
tumor with still unmet therapeutic needs. dAbd C7 was able to
efficiently deliver a cell death message inside an oncogene-
driven cellular context but not in normal cells. Acting through
Mdm?2 degradation and p53 reactivation, the diabody is likely
to be effective in the great majority of Ewing sarcoma thanks to
the rarity of p53 mutations in this tumor and effectively
combined with doxorubicin, potentially opening up a new
avenue for therapeutic intervention in these patients.

tumor growth and bone metastasis upon transplantation into
immunodeficient mice (20). In turn, EWS-FLI1 maintains high
levels of CD99 expression (20-23). Triggering CD99 with
selected mouse antibodies induces cell death in leukemic and
EWS cells (4, 24, 25) and inhibits EWS growth and metastasis
formation (5). Therefore, CD99 is a suitable target for EWS also
considering that it is easily accessible, is expressed in virtually
all cases (15) and it has a role in the pathogenesis of this tumor.

To translate this information into a possible clinical applica-
tion, we felt necessary to document the selective delivery of death
signals to EWS cells while sparing normal cells and to develop a
nonimmunogenic human recombinant antibody against CD99.
In particular, we developed a recombinant monospecific diabody
(named dAbd C7) from the human single-chain fragment vari-
able (scFv) antibody backbone (26), exploiting the fact that
diabodies are bivalent antigen-binding molecules with higher
affinity and stability compared with scFvs, although being small
and easily manipulated (27). We demonstrated that CD99 trig-
gering induces Mdm?2 ubiquitination and degradation, which
leads to p53 reactivation. Accordingly, engagement of CD99 by
dAbd C7 significantly increases efficacy of doxorubicin in vitro and
in vivo. We also showed that ligation of CD99 by antibodies does
not affect viability or differentiation of normal human mesen-
chymal stem cells (h-MSC) expressing high levels of the molecule
and that delivery of a death message is favored by the presence of
the EWS-FLI oncogene, the genetic hallmark of EWS.

Materials and Methods

Cell lines and primary cell cultures

EWS cell lines have been authenticated by STR PCR analysis;
detailed information in Supplementary Methods. Stable trans-
fection was performed with: pCMV or pCMV-MDM?2 to over-
express MDM2; pCDNA3.1-Flag-p53 human to obtain forced
expression of p53 by using Calcium Phosphate Transfection Kit
(Invitrogen). Transient silencing was performed with: Validated
STEALTH siRNA (Invitrogen) for p53, EF-22 (5'-GUACGGGCAG-
CAGAGUUCUU-3') for EWS-FLI1 type I (Ambion), EWS-FLI1
(5'-GCAGAACCCUUCUUAUGACUU-3") and EWS-FLI2 (5'-
GGCAGCAGAACCCUUCUUAUU-3") for EWS-FLI1 type I
(Ambion) by using Lipofectamine 2000 (Invitrogen). Cells were
cultured in Iscove's modified Dulbecco's medium (IMDM;
Gibco), supplemented with 100 U/mL penicillin, 100 ug/mL
streptomycin, and 10% inactivated FBS (Lonza) or IMDM with
neomycin (Sigma, 500 pug/mL).
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Murine C3H10T1/2 transfected with EWS-FLI1 (C3H10T1/2 EF)
and h-MSCs were obtained and cultured as previously describ-
ed (28). All cell lines have been tested for mycoplasma contam-
ination (Mycoplasma detection Set, Takara Bio Inc.) before use.

Anti-CD99 treatments

Treatments with the anti-CD99 0662-mAb were performed
as previously described (4, 25). Treatments with dAbd C7,
obtained from scFv C7 (26) by shortening the linker length
between the VH and VL of scFv C7 from 15 to 5 residues, were
performed according to the same guidelines at the concentra-
tion of 200 ug/mL where not differently specified. Annexin
V-propidium iodide (PI) staining was evaluated with Mebcyto
apoptosis Kit (MBL); mitochondrial depolarization was ana-
lyzed with JC-1 (5,5,6,6'-tetrachloro-1,1’,3,3’ tetraethylbenzi-
midazolylcarbocyanine iodide) staining (Molecular Probes).
For proteasome or p53/Mdm2-interaction inhibition assays,
cells were treated, respectively, with MG132 (10 umol/L; Cal-
biochem) for 3 hours, or with nutlin-3 (5 umol/L) for 24 hours
before 0662-mAb. 6647 EWS cell line was treated simulta-
neously with dAbd C7 at 200 pug/mL and escalating doses
of doxorubicin from 1 ng/mL to 30 ng/mL. After 72 hours of
treatment, the effect of the combination was evaluated by MTT
assay kit (Roche Diagnostics GmbH). Combination index (CI)
was calculated with the isobologram equation (29) by using the
CalcuSyn software (Biosoft).

Microarray, antibody array, and bioinformatic analysis

6647 cells treated with anti-CD99 0662-mAb were profiled
for gene expression by using 1A (V2) Oligo Microarray G4110B
slides (Agilent Technologies) and for proteomic analysis by the
Kinex antibody microarray (KAM-1.1). For a complete descrip-
tion, see Supplementary Materials and Methods. Microarray
data are available at GEO with accession number GSE36097.
Gene/protein alterations were functionally analyzed with Inge-
nuity (Ingenuity Systems, Inc.; www.ingenuity.com) or Gen-
eGo (GeneGo Inc.; www.genego.com) softwares; output data
were filtered for P value less than 0.05.

Western blotting and immunoprecipitation

Cells were lysed with phospho-protein extraction Buffer
(Upstate) supplemented with protease-phosphatase cocktail
inhibitor (Sigma). Proteins of interest were detected with specific
antibodies; for a detailed list, see Supplementary Materials and
Methods. For immunoprecipitation, 500 ug of cell lysates were
incubated for 16 hours with Protein G-Plus agarose beads (Cal-
biochem) in the presence of 1 ug anti-Mdm2 or control IgG
antibody (Calbiochem). Immunoprecipitates and 50 pg total
lysates were then resolved on a 10% Tris-HCI gel and immuno-
blotted with specific antibodies.

RNA extraction and quantitative real-time PCR

RNA extraction and quantitative real-time PCR (qPCR) of
anti-CD99-treated cells were performed as previously describ-
ed (20). Primers sequences are available in Supplementary
Materials and Methods.

In vivo treatments with dAbd C7 alone or in combination with
doxorubicin

Female athymic 4- to 5-week-old Crl:CD-1nu/nuBR mice
(Charles River Italia) were subcutaneously injected with
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5 x 10° 6647 cells. The animals were randomized into five groups:
in the group treated with dAbd C7 alone, each mouse received
subcutaneous injections of dAbd C7 (1 mg/injection) for each day
for two subsequent cycles of five days. The second group received
doxorubicin intraperitoneal injection (50 pg/injection) on the
seventh and the eighth days after cell seeding injection (5). The
third group received 10 subcutaneous injections of dAbd C7
(1 mg/injection) and intraperitoneal injection of doxorubicin
(50 pg/injection) with the same schedule of single treatment.
Control mice received subcutaneous injections of PBS (same
volume/injection; 10 injections) or vehicle. Tumor growth and
body weight was assessed once a week by measuring tumor
volume, calculated as m1/2 [/(a b)]?/6 where a and b are the two
maximum diameters. For ethical reasons, mice with local tumors
were killed when they achieved a tumor volume of 3 mL and
necropsied. Before the sacrifice, blood samples and spleens were
collected from all the experimental groups and processed to assess
specific parameters, for a detailed description see Supplementary
Materials and Methods. Experimental protocols were reviewed
and approved by the Institutional Animal Care and Use Com-
mittee ("Comitato Etico Scientifico per la Sperimentazione Ani-
male") of the University of Bologna, and forwarded to the Italian
Ministry of Health with letter 4783-X/10 (responsible researcher
Prof. C. De Giovanni).

Immunohistochemical analysis

Avidin-biotin-peroxidase procedure was used for immunos-
taining of formalin-fixed, paraffin-embedded tumors xenografts.
Detection of Ki-67 was performed after pretreatment with a citrate
buffer solution with MIB-1 antibody (1:100 dilution; Calbio-
chem-Novabiochem). TUNEL assay and anti-CD99 were per-
formed with ApopTag Plus Peroxidase In Situ Apoptosis Kit
(Merck Millipore) according to manufacturer's instructions, and
with O13 monoclonal antibody (1:80 dilution; Covance),
respectively.

Statistical analysis

Differences among means were analyzed using Student t
test; X2 test was used for frequency; the CI of multiple treat-
ments was calculated with the isobologram equation with
CalcuSyn software (Biosoft) to identify synergistic/additive/
antagonistic effects.

Results

CDY9 triggering reactivates p53 through Mdm2
degradation

We analyzed a panel of 14 EWS patient-derived cell lines
testing their susceptibility to death induced by the mouse anti-
human CD99 0662-mAb and found that after 30-minute expo-
sure 9 cell lines were very sensitive (the percentages of alive
cells after CD99 triggering was significantly different: 7 cell
lines; **, P < 0.001, 2 cell lines P < 0.05, Student ¢ test), whereas
the remaining five were rather resistant (not significant differ-
ences; Supplementary Table S1). To gain information on which
transcriptional death pattern might be activated, the most
susceptible cell line 6647 was analyzed for both global gene
expression (30 minutes-2 hours) and phospho-proteins
(5 minutes-1 hour) following 0662-mAb exposure. Gene ex-
pression profile identified 366 differentially expressed mRNAs
(Fisher test significant difference for a 5% error; Supplementary
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Table S2), suggesting that CD99-dependent cell death is an
active process requiring transcriptional modulation. Moreover,
significant posttranslational modifications (>2 fold change)
were identified in 71 of 600 proteins as early as 5 minutes after
exposure to 0662-mAb (Supplementary Table S3). Annotation
analysis of RNA microarray and antibody array profiling iden-
tified changes involving ERK/MAPK pathway, mitochondrial
dysfunction, and apoptosis signaling (Fig. 1A). Network anal-
ysis highlighted involvement of p53 (Fig. 1B) and accordingly,
increase of bax and the cell-cycle inhibitor CDKN1A (p21), two
well-known transcriptional targets of p53 (30), together with
bcl-2 decrease were confirmed by Western blotting upon
0662-mAb treatment (Fig. 1C). Consistently, 0662-mAb cell
death was triggered with different efficacy depending on the
p53 status (Fig. 1D). Cell lines carrying wild-type (wt) p53 or
carrying minor P53 alterations conserving some transcriptional
activity, were killed more effectively than cell lines displaying
truncations, major deletions or mutations inactivating P53
transcription that appeared to be more resistant to anti-CD99
treatment (31, 32). The 6647 cell line, carrying the single point
mutation S241F in the DNA-binding domain, retains only part
of wt-p53 activity, as confirmed by reporter assays (Supple-
mentary Table S4), and behaves like the RD-ES cell line that
carries the R273C point mutation (33).

Sensitive EWS cell lines, namely 6647, LAP-35, and WE-68,
were specifically phosphorylated at p53 ser-15 after treatment
with the 0662-mAb (Fig. 2A, Supplementary Fig. S1A), but not
at other phospho-specific sites (Supplementary Fig. S1B). In
contrast, the p53-truncated TC-71 cell line, which is more
resistant to anti-CD99 treatment (Fig. 1D), did not show sign
of p53 stabilization nor phosphorylation (Fig. 2A). mRNA
levels of Gadd45-«, a gene transcriptionally induced by p53,
were also markedly increased in sensitive cells after CD99
triggering (Fig. 2B). To test whether p53 activation is a step
necessary for CD99-induced cell death, p53 was silenced in
6647 and LAP-35 cells and, conversely, forcely expressed in
p53-deficient EWS cells (Fig. 2C and Supplementary Fig. S1C).
Silencing of p53 significantly reduced, while forced expression
of wt-p53 enhanced 0662-mAb-induced cell death, in compar-
ison with scramble siRNA or empty vector-transfected cells
(Fig. 2C and Supplementary Fig. S1C).

In EWS, p53 is rarely mutated while preferentially inactivated
by Mdm2 (34), an E3 ubiquitin ligase that antagonizes the
p53 tumor suppressor by inhibiting its ability to transactivate
target genes or by promoting its degradation/nuclear export
(35). Accordingly, triggering of CD99 markedly and rapidly
(15 minutes) downmodulated Mdm2 in LAP-35 and, in a dose-
dependent manner, in 6647 cells (Fig. 3A). Such downmodula-
tion was due to polyubiquitination and proteasome-dependent
degradation of Mdm?2 that followed CD99 engagement as
shown by immunoprecipitation and Western blot analysis as
well as by its rescue using the proteasome inhibitor MG132
(Fig. 3B). Likewise, pretreatment of LAP-35 and 6647 cells with
MG132 markedly decreased the percentage of cell death
induced by 0662-mAb treatment (Fig. 3B), suggesting that re-
duced Mdm?2 expression/activity favors cell death. To further
assess the role of Mdm2/p53 signaling in CD99-induced cell
death, we generated LAP-35 cells stably expressing Mdm2 (LAP-
35-MDM2) or carrying the pCMV empty vector (LAP-35-EV)
and tested their susceptibility to death upon treatment with
0662-mAb. LAP-35 cells ectopically expressing Mdm?2 showed
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Figure 1.

CD99 targeting induces changes in
gene expression and posttranslational
modifications in EWS cells. A,
annotation analysis of gene
expression modulations (P < 0.05) in
0662-mAb-treated 6647 EWS cells
according to Ingenuity software.

B, GeneGo analysis of protein
modulations after mAb treatment
highlights a p53 converging network.
C, Western blot analysis of Bax, Bcl-2,
and p21 on untreated (—) and 0662-
mAb-treated (+) 6647 cells. Equal
loading was monitored by anti-
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lower levels of p53 and partial reversion from cell death than
LAP-35-EV in response to 0662-mAb treatment (Fig. 3C).
Combined treatment with 0662-mAb and nutlin-3, an inhib-
itor of the p53-Mdm?2 interaction (36), markedly reduced
percentage of live cells in comparison with treatment with the
sole antibody (Fig. 3D). Effects of nutlin-3 were also confirmed
by evaluating the mitochondrial membrane potential of LAP-
35 cells treated with 0662-mAb. After JC-1 staining, mitochon-
drial depolarization occurred upon CD99 engagement; mito-
chondrial membrane potential collapse increases in nutlin-3-
pretreated LAP-35 cells (Fig. 3D). These findings indicate that
CD99 triggering reactivates p53 via Mdm2 degradation by
ubiquitination. Considering that degradation of p53 by Mdm2
is the prevalent mechanism of p53 inactivation in EWS, CD99
triggering may induce cell death in the great majority of
patients with EWS.

EWS-FLI1 favors the delivery of the CD99-induced cell death
message

Although broadly expressed at low levels in several normal
cell types, high expression of CD99 occurs in few cellular
context, mainly Sertoli and immune cells (7, 37). In normal
lymphocytes, CD99-induced cell death correlates with their
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maturation stage being more effective in immature lympho-
cytes (38, 39). However, hematopoietic CD34-positive cells
and h-MSCs, which express high levels of CD99 (40), are
resistant to anti-CD99 mAb (5, 41). Indeed, seven primary
cultures of h-MSC derived from bone marrow, dental pulp, and
corion, all displaying CD99 at levels similar to those of EWS
cells, did not show any sign of significant death when exposed
to 0662-mAb treatment (Fig. 4A). Accordingly, cells displayed
nonphosphorylated p53 (Fig. 4A), no induction in p53 down-
stream genes like GADD45« (Supplementary Fig. S2A), while
maintaining the ability to differentiate towards osteoblasts
(Supplementary Fig. S2B).

We thus tested whether the CD99-induced cell death requires
the oncogenetic cellular context driven by EWS-FLI1 to explain
the differences with normal cell counterpart. To this end, the
murine C3H10T1/2 mesenchymal cells transfected with both
EWS-FLI1 and CD99 (20) were treated with 0662-mAb. These
cells underwent cell death and phosphorylation of serine 15 of
p53 within 1 hour (Fig. 4B). Accordingly, silencing of EWS-FLI1
in LAP-35 cells reduced CD99-induced cell death, without
affecting CD99 expression levels (Fig. 4C). Overall, these find-
ings suggest that anti-CD99 mAbs deliver a massive cell death
message preferentially in an aberrant cellular context, thus
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supporting a sufficient level of specificity for possible clinical
translation.

Development of human anti-CD99 C7 diabody

The above results obtained using a murine antibody prompted
us to develop a suitable reagent for clinical use. We engineered the
scFvs C7 directed against CD99 (26) to develop a bivalent
antigen-binding molecule (dAbd C7) characterized by a doubled
valency and a molecular mass of about 55-60 kDa to reduce the
too fast clearance typical of monomers and increase tumor
retention (42, 43). ELISA and Annexin V-PI assays demonstrated
the higher avidity and activity of dAbd C7 over scFv C7, respec-
tively (Supplementary Fig. S3).

Although the kinetics was partly different compared with the
murine 0662-mAb, the dAbd C7 induced the death of EWS cells
(Fig. 5A). TC-71 and SK-N-MC cells, with deleted or truncated
p53, were still the most resistant cell lines, confirming the involve-
ment of p53. Accordingly, dAbd C7 induced Mdm2 inhibition
and ser15-p53 phosphorylation in 6647 EWS cells but not in h-
MSC cells (Fig. 5B) where dAbd C7 was ineffective (Supplemen-
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transfected cells). Bottom, Western
blot analysis of p53 levels in
corresponding cells before and after
treatment. Equal loading was
monitored by anti-GAPDH blotting.

EV +0662 p53wtCTR p53wt+ 0662

Empty vector

p53wt

GAPDH | W e v s |

tary Fig. S4A). In addition, similarly to the murine 0662-mAb,
dAbd C7 was able to reactivate p53 (Fig. 5C) in C3H10T1/2
EFCDY99 leading to cell death (Supplementary Fig. S4B). To
further demonstrate that the p53 pathway is critical also for the
cytotoxic action of the dAbd C7, p53 was silenced in 6647 and
LAP-35 cells and, conversely forcely expressed in p53-deficient
EWS cells demonstrating reversion or enhancement of the dAbd
C7 efficacy (Fig. 5D and Supplementary Fig. S4C).

Combination with doxorubicin increases dAbd C7 therapeutic
activity

Considering the ability of reactivating the functional p53
signaling, CD99 ligation by dAbd C7 qualifies for combination
with conventional agents such as doxorubicin, which is a leader
drug in the management of EWS. Combination of dAbd C7
with doxorubicin produced additive effect (CI: 0.820 + 0.238)
in vitro (Supplementary Fig. S5A) and in vivo, reduced signif-
icantly the growth of 6647 tumor xenografts (mean values
of tumor volumes in controls vs. dAbd C7+ doxorubicin-
treated mice: CTR 1.47 £+ 0.29 vs. 0.49 £ 0.16, P = 0.03;
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Figure 3.

Mdm?2 protein levels decrease upon 0662-mAb treatment. A, left, time-dependent modulation of Mdm2 expression in LAP-35 cells after treatment with
0662-mAb (10 pg/mL) by Western blot analysis. Right, dose-dependent modulation of Mdm2 in 6647 cells after 15-minute treatment with 0662-mAb
(5-50 pg/mL). B, left, Western blot evaluation of Mdm2 and ubiquitin on total cell lysates, anti-Mdm2, or anti-lgG immunoprecipitates from LAP-35 cells
treated with MG132 alone or plus 0662-mAb. The empty arrow indicates Mdm2 unconjugated protein, the black arrows indicate ubiquitinated forms of Mdm2.
Right, histogram depicting 6647 and LAP-35 percentage of viable cells (vital cell counting) before and after 16-hour treatment with 10 pg/mL 0662-mAb,
alone or in combination with MG132. Data are shown as mean of at least two independent experiments + SE; **, P < 0.01; *, P < 0.05; Student t test. C, left,
annexin V-PI analysis in LAP-35-EV or LAP-35-MDM2 expressing cells, before and after treatment with 0662-mAb. Values are from one experiment
representative of two (P < 0.001, with respect to empty vector-transfected cells, Xz test). Right, Western blots of Mdm2 and p53 protein levels in
corresponding cells. Equal loading was monitored by anti-GAPDH blotting. D, left, histogram shows percentage of live cells assessed by annexin V-PI

in LAP-35. Values are shown as mean of two independent experiments + SE (P < 0.05; Student ¢ test after 15 minutes). Right, JC-1 mitochondrial staining in
adherent LAP-35 cells treated with 0662-mAb in presence or absence of nutlin-3. When mitochondrial membrane potential collapses, JC-1 cannot accumulate
within mitochondria and remains in the cytoplasm in a green fluorescent monomeric form.

vehicle 1.51 + 0.05 vs. 0.49 £+ 0.16, P<0.001, Student t test) in  tumors, while in the less responsive ones appeared heteroge-
contrast to doxorubicin or dAbd C7 given as single agent (Fig. neous with areas of active proliferation besides areas showing
6B). Tumors treated with the combination were completely signs of antibody efficacy. Notably, CD99 expression disap-
avoided of proliferating cells (Ki-67 negative) while rich in  peared in tumors that were efficiently inhibited by dAbd C7.
TUNEL-positive cells (Fig. 6B, Supplementary Fig. S5B). Con- A possible bystander effect of anti-CD99 approaches is the
versely, doxorubicin alone induced a certain degree of necrosis  induction of the HSP70 that may activate NK cells cytotoxicity
with large tumor areas that remained vital and highly prolif-  contributing to tumor elimination (44). To verify any possible
erating. Treatment with dAbd C7 alone was able to abrogate  involvement of this pathway in the efficacy of anti-CD99 therapy,
tumor proliferation and induced cell death in half of the we have assessed whether CD99 ligation induced HSP70
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expression in EWS cells and analyzed the number and phenotype
of NK cells in dAbd C7-treated nude mice xenotransplanted with
EWS tumors. Differently from what observed in acute lympho-
blastic leukemia (44), CD99 ligation did not induce HSP70
expression in EWS cells or in xenografts (Supplementary Fig.
S6). Accordingly, the analysis of NK phenotype and activity in
dAbd C7-treated nude mice xenotransplanted with EWS tumors
did not show differences from untreated mice (Supplementary
Table S5). Specifically, we have not observed any significant
change in NK cells number (as NK1.1+ cells), activation/matu-
ration state (CD69 and CD11b expression) and effector functions
in vitro (as CD107a expression and production of IFNg), suggest-
ing that NK cells are not involved in the efficacy of dAbd C7-based
therapy. Considering that dAbd C7 was able to recognize the
murine form of CD99 (not shown), treated mice were checked for
weight, blood glucose and urea levels, hepatic enzymes and
general signs of collateral toxicity. No changes were observed
(Supplementary Table S6).

Discussion

CD99 has been proposed as an effective target to treat EWS
because it promotes cancer cell death when triggered by

152 Clin Cancer Res; 21(1) January 1, 2015

by anti-GAPDH blotting. C, annexin V-PI
evaluation of control, scramble, or EWS-FLI1
silenced LAP-35 cells after treatment with
0662-mAb. Data from one experiment
representative of two (P < 0.05 with respect
to control or scrambled cells treated with
0662-mAb, XZ test). Western blots showed
EWS-FLI1 silencing and CD99 expression in
the same cells. Equal loading was monitored
by anti-GAPDH blotting.

specific antibodies (4). However, therapeutic tools of mouse
origin find limited clinical exploitations due to rapid induc-
tion of patients human-anti-mouse-antibody responses, which
severely reduce antibody effectiveness after few applications.
Therefore, isolation and engineering of human whole anti-
bodies or fragments represents the unique choice for a repeat-
ed use. Monoclonal antibodies in the format of scFvs are the
smallest stable fragment of an antibody still able to bind to
the antigen. They combine the advantage of a fully human
sequence to that of small size, which allows better tumor
penetration compared with full-length mAbs and production
in large quantities by recombinant technology in bacterial
systems without the need of animal immunization (42). In
addition, scFvs can be modified in their size, pharmacokinet-
ics, immunogenicity, specificity, valency, and effector func-
tions to improve affinity and stability and reduce the rapid
blood clearance (45). In this article, we engeneered the scFvs
C7 directed against the CD99 molecule (26) to develop a
monospecific bivalent antigen-binding molecule (dAbd C7)
that was able to ligate efficiently CD99 and deliver a cell death
message inside EWS cells. Molecular mechanisms activated
by dAbd C7 were similar to those observed using the mouse
monoclonal antibody 0662: both induced Mdm2 degradation
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Figure 5.

Effects of the human single-chain diabody dAbd C7 against CD99 on EWS and MSC. A, annexin V-Pl evaluation upon dAbd C7 200 pg/mL treatment in a panel of EWS
cell lines after 30 minutes or 6 hours. B, Western blot of ser-15-phosphorylated p53, total p53 and Mdm2 after treatment with dAbd C7 (200 pg/mL), 0662-mAb
(10 ng/mL), or vehicle alone in 6647 and two different h-MSCs. Equal loading was monitored by anti-GAPDH blotting. C, Western blot of ser-15-phosphorylated
p53, total p53, and Mdmz2 levels after treatment with 0662-mAb, dAbd C7 or vehicle alone in murine MSC C3H10T1/2 EF CD99. Equal loading was monitored
by anti-GAPDH blotting. D, annexin V-Pl analysis in EWS cells after silencing (6647p53si) or forced expression (TC-71p53wt) of p53 after treatment (30 minutes) with
dAbd C7 200 pg/mL. Percentage of live cells are shown as mean of two independent experiments (*, P < 0.05 Student ¢ test).

and lead to the tumor suppressor protein p53 reactivation. mechanisms including overexpression of Mdm2 (31, 34,
Considering that p53 is rarely mutated in EWS (less than 46), anti-CD99 dAbd C7 may be potentially effective in the
10%), but rather it is functionally inactivated by several great majority of the cases. Moreover, due to its reactivating
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Days

Efficacy of dAbd C7 alone or in association with doxorubicin against 6647 xenografts. Tumor growth in the differently treated mice. Representative
(corresponding to blue curve mice) immunohistochemical evaluation of CD99, Ki-67, and apoptotic nuclei in untreated or treated tumors (scale bar 100 um)
are shown. Mean tumor volumes at day 25 (when treatments stopped) indicated significant differences between controls and mice treated with dAbd
C7 + doxorubicin (see results).

functions on p53 signaling, CD99 ligation by dAbd C7 qua-
lifies for a potentially effective combination with conventional
agents like doxorubicin, which besides binding to DNA-asso-
ciated enzymes and intercalating with DNA base pairs, influ-

Clin Cancer Res; 21(1) January 1, 2015

ences apoptosis pathways affecting bcl-2/bax, and/or AMP-
activated protein kinase (AMPK) molecular signaling (47). By
delivering complementary messages that converge on cell
death, anti-CD99 dAbd C7 can thus potentiate the cytotoxic
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effects of doxorubicin, a leader drug in the treatment of
patients with EWS. Indeed, combined treatments gave additive
antitumor effects in vitro and induced significant advantages in
slowing tumor growth in vivo, in keeping with what observed
with the murine 0662-mAb (5).

Before proposing clinical application of anti-CD99 dAbd C7,
we felt also necessary to document the selective delivery of
death signals to EWS cells. CD99 is broadly expressed in many
normal cells at low levels with some notable exceptions,
including immature T and B lymphocytes (11, 48). Although
it was demonstrated that the cells expressing high levels of
CD99 were more sensitive to CD99 antibody ligation than low
expressing ones (4, 38), some effects on normal B lymphopoi-
esis were observed (38). However, total cell numbers decreased
significantly below control upon CD99 ligation only after long-
term incubations (7 days), a condition that very unlikely will be
achieved in vivo, particularly with antibody fragments such as
diabodies that have a rapid clearance from circulation (the
terminal half-life of these molecules in mice is in the range of
5-6 hours; ref. 49). In addition, we showed here that induction
of CD99-induced cell death also needs adjustment for genetic
background. We found that both normal hematopoietic (5)
and mesenchymal stem cells, which express very high levels of
CD99 (41) did not die nor modify their differentiative poten-
tial when CD99 was engaged by the mouse 0662-mAb or the
human dAbd C7. Consistently, we detected no activation of
p53 in these normal cells, nor induction of downstream targets,
with the only exception of p21, a protein that may be regulated
also by p53-independent mechanisms (50). In contrast, when
normal mesenchymal stem cells were transfected with EWS-
FLI1, their susceptibility to CD99 ligation increased and p53
was reactivated. Similarly, c¢/pre-B leukemia blasts carrying the
TEL/AML1 chimera were found to be more sensitive to CD99-
induced cell death (44). These findings indicate that rapid and
massive CD99-induced cell death may occur preferentially in
an aberrant genetic background, when cells being forced to
grow by oncogenetic stimuli could not recover stressful signals
through cell-cycle exit and result more vulnerable, thus offering
new fuel to support the therapeutic use of anti-CD99 dAbd C7
against EWS cells.
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