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Abstract
Multimodal approach to treatment has led to
the dramatically improved outcome of patients
with osteosarcoma and Ewing sarcoma.
However, despite intensive therapies and
incorporation of novel agents in trials, the
therapeutic plateau in recurrent osteosarcoma
and Ewing sarcoma has not yet been over-
come. Cure for these patients remain a daunt-
ing challenge with dismal survival rate after
relapse despite best efforts. Certain clinical
factors help prognosticate quality of relapse of
these tumors. Because patient characteristics
are different upon disease recurrence, thera-
peutic approach to these patients vary widely.
Further improvements in outcome for
patients with recurrent disease will depend on
refinement of therapy using agents with clinical
activity based on understanding of tumor biol-
ogy, and within a trial design that optimally
detects drug activity. There is a growing list of
targets for osteosarcoma and Ewings sarcoma.
A significant biology effort has been estab-
lished by cooperative groups, as well as pre-
clinical drug evaluation systems created
towards more rapid identification and valida-
tion of compounds active in osteosarcoma and
Ewing sarcoma. High throughput screens of
novel agents should accelerate clinical trial
development. Finally, there are now various
national and international cooperative groups to
efficiently test new agents in these rare tumors.
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14.1 Recurrent Osteosarcoma

In the last three decades, introduction of chemo-
therapy has greatly improved the prognosis of
patients with osteosarcoma (Fuchs et al. 1998;
Giuliano et al. 1984; Goorin et al. 1991; Jaffe
et al. 1983; Longhi et al. 2006; Saeter et al.
1995). Currently however, despite multimodal
intensive treatment, a plateau in the survival and
cure rates of osteosarcoma has been reached
(Chou and Gorlick 2006). About three fourths of
patients with metastases at diagnosis will relapse
(Marina et al. 1993; Meyers et al. 1993; Ward
et al. 1994). For patients with localized disease
at initial presentation, 30-40 % will develop
recurrence (Fuchs et al. 1998; Goorin et al. 1991;
Jaffe et al. 1983; Kempf-Bielack et al. 2005;
Longhi et al. 2006; Saeter et al. 1995). Survival
rates continue to be unsatisfactory for patients
with metastatic and recurrent disease, with a
10-year overall survival (OS) of 23-29 % (Carrle
and Bielack 2009; Kager et al. 2003) and less
than 20 % (Kempf-Bielack et al. 2005), respec-
tively. Subjects enrolled on INT-0133 who expe-
rienced recurrence had an overall survival of
20 % at 10 years, similar to outcomes reported
by other groups. Bielack et al. (2009) reported
5 year OS and event-free survival (EFS) esti-
mates with second and subsequent osteosarcoma
recurrences: 16 % and 9 % for the second, 14 %
and 0 % for the third, 13 % and 6 % for the
fourth, and 18 % and 0 % for the fifth recur-
rences, respectively. In this study, the median
interval from the first to second recurrence was
about 9 months, and the median interval between
subsequent recurrences remained at approxi-
mately 6 months.

14.1.1 Incidence of Recurrence

14.1.1.1 Timing of Recurrence

Most patients developed disease recurrence
within 2 years of initial diagnosis (Bacci et al.
2001, 2008; Chou et al. 2005; Duffaud et al.
2003; Ferrari et al. 2003; Hawkins and Arndt
2003; Kempf-Bielack et al. 2005). In the
Cooperative Osteosarcoma Study Group (COSS)
report of 576 patients who had achieved first

complete remission (CR) then developed recur-
rent disease, the median time from diagnosis to
first relapse was 1.6 years (Kempf-Bielack et al.
2005). This was identical to what was described
in Chi et al. (2004), Duffaud et al. (2003), and
Hawkins and Arndt (2003), but approximately
half a year shorter than the median time of
23 months from the first complete remission
reported by the Rizzolli Institute (n=162) (Ferrari
et al. 2003).

14.1.1.2 Sites of Recurrence

The lungs were involved in more than 80 % of
all patients with recurrent disease and as the
only site in nearly two thirds of all patients
(Briccoli et al. 2010; Chi et al. 2004; Chou
et al. 2005; Duffaud et al. 2003; Ferrari et al.
2003; Goorin et al. 1984, 1991; Hawkins and
Arndt 2003; Huth and Eilber 1989; Kempf-
Bielack et al. 2005; Meyers and Gorlick 1997,
Saeter et al. 1995). Local recurrence occurs in
approximately 10 % of patients treated with
limb-sparing surgery (Meyers and Gorlick
1997; Saeter et al. 1995; Weeden et al. 2001). In
the COSS study, about 10 % relapsed in the
bone other than the primary site and 10 % with
multifocal recurrence (Kempf-Bielack et al.
2005). As also observed in other reports (Saeter
et al. 1995), solitary relapses were more likely
to occur in patients without primary metastases
(»=0.01) and more likely to be late relapses
(p=0.001).

14.1.2 Risk Factors for Relapse

Several independent risk factors are associated
with the probability to develop osteosarcoma
recurrence. Surgically inaccessible primary sites
such as the axial skeleton as well as the pelvis, the
large size of a primary tumor, and the presence of
metastases at diagnosis make it very challenging
to secure surgical local control, hence having
higher propensity for relapse (Bielack et al. 2002).

Of the factors associated with initial disease
presentation and treatment, response to first-line
chemotherapy has been shown to be a predictive
factor for relapse and correlates significantly
with survival (Bielack et al. 2002; Martini et al.
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1971; Spanos et al. 1976). Contrary to this, how-
ever, there is evidence that response to first-line
chemotherapy is not an independent prognostic
value for outcome after recurrence (Hawkins and
Arndt 2003; Kempf-Bielack et al. 2005), as it
seems like the benefit for relapsing good respond-
ers may have been mediated by longer times to
recurrence. In addition, dose intensification of
conventional cytotoxic agents, although leading
to greater necrosis after preoperative chemother-
apy, does not seem alter the poor outcome of
patients with metastatic osteosarcoma (Gorlick
and Meyers 2003; Meyers et al. 1998).

14.1.3 Prognostic Factors After
Relapse

Outcome after osteosarcoma relapse is largely dic-
tated by onset and location of recurrence, as well
as ability to secure surgical local control. However,
the reported overall survival rate in patients with
relapsed osteosarcoma had a wide range of
13-58 % (Ferrari et al. 1997, 2003; Goorin et al.
1984, 1991; Martini et al. 1971; Rosenburg et al.
1979; Saeter et al. 1995; Schaller et al. 1982;
Spanos et al. 1976; Ward et al. 1994). The discrep-
ancies in outcome published by different studies
could be from differences in the selection criteria
for the type of relapse (i.e., lung relapse only ver-
sus all relapses). In addition, variability among
prognostic factors in several series could be from
studies with small study populations and differ-
ences in the treatment approach to recurrence.

14.1.3.1 Timing of Recurrence

While some studies failed to detect association
with time to relapse and post-relapse survival
(Carter et al. 1991; Goorin et al. 1984, 1991;
McCarville et al. 2001; Meyer et al. 1987; Saeter
et al. 1995; Tabone et al. 1994), there are numer-
ous reports that confirm that patients with late
relapses fared better. Improved survival has been
associated by prolonged recurrence-free interval
(RFI) (Ferrari et al. 2003; Hawkins and Arndt
2003; Korholz et al. 1998; Putnam et al. 1983;
Thompson Jr. et al. 2002), variably defined as
longer than 6 months (Putnam et al. 1983),
8 months (Ward et al. 1994), and 24 months

(Briccoli et al. 2010; Chou et al. 2005; Ferrari
et al. 1997, 2003; Hawkins and Arndt 2003). In a
study by Chou et al. (2005), patients who devel-
oped disease recurrence before 24 months after
primary diagnosis did significantly worse than
those who recurred after 24 months. In a separate
study, significantly higher disease-free survival
(DFS) and OS were associated with RFI of
>24 months (Hawkins and Arndt 2003). Bricolli
et al. (2010) demonstrated that the EFS was sig-
nificantly correlated with relapse interval, great-
est in patients with >24 months RFI, followed by
RFI 12-24 months, and the least in patients with
RFI <12 months. This is in accordance to out-
come data reported by Duffaud et al. (2003)
(n=24) and Harting et al. (2006) (n=137).
Unfortunately, even in patients who develop late
relapse, the survival curve does not reach a pla-
teau, and the ultimate course of disease tends to
be relentless in most cases (Kempf-Bielack et al.
2005). Surgery and second CR were more likely
to have been reported in patients with late or soli-
tary relapses than in others (p<0.001) (Chou
et al. 2005).

14.1.3.2 Location of Recurrence
Lung

Solitary Versus Multiple Recurrence

In the COSS series of 576 patients (Kempf-
Bielack et al. 2005), 39 % had solitary versus
36 % bilateral lung recurrence. Several earlier
studies indicate that the number of pulmonary
nodules detected at first relapse did not corre-
late with survival (Carter et al. 1991; Chou
et al. 2005; Goorin et al. 1984, 1991; Tabone
et al. 1994). However, there is significant evi-
dence that suggests patients with multiple
lesions fared worse than those with solitary
relapses (Chou et al. 2005; Duffaud et al. 2003;
Ferrari et al. 2003; Hawkins and Arndt 2003;
Meyer et al. 1987; Putnam et al. 1983; Saeter
et al. 1995; Thompson et al. 2002; Ward et al.
1994). Solitary pulmonary recurrence was
associated with improved DFS and survival
rates compared to multiple pulmonary nod-
ules, likely because isolated pulmonary recur-
rence achieved a second complete remission
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(CR2) rate of 83 % (Hawkins and Arndt 2003),
similar to other reported rates (Carter et al.
1991; Ferrari et al. 2003; Goorin et al. 1984;
Pastorino et al. 1991; Putnam et al. 1983;
Rosenburg et al. 1979; Saeter et al. 1995;
Tabone et al. 1994).

Unilateral Versus Bilateral Recurrence

In the COSS study (Kempf-Bielack et al. 2005),
about 50 % had unilateral and 50 % had bilateral
disease. In some studies (Carter et al. 1991; Chou
et al. 2005; Goorin et al. 1984, 1991; Pastorino
et al. 1991; Tabone et al. 1994), bilateral lung
recurrence did not significantly correlate with
survival (22 % versus 54 % p=0.14). In contrast,
presence of metastatic nodules in both lungs sig-
nificantly correlated with poor survival (Hawkins
and Arndt 2003; Kempf-Bielack et al. 2005;
Saeter et al. 1995; Ward et al. 1994). Again, this is
likely due to amenability to surgical local control
in unilateral disease versus bilateral recurrence.

Pleural Involvement

Pleural metastases in patients with osteosarcoma
may occur via two mechanisms, direct contact of
pleura with metastatic lesions in the lungs and/or
hematogenous spread of osteosarcoma. In gen-
eral, pleural involvement of underlying cancer
confers worse prognosis. This may be due to the
relative difficulty of addressing surgical local
control of pleural metastases and possible
decreased distribution of chemotherapeutic
agents to the pleura. Of note, early relapses to the
lungs tend to disrupt the pleura (Kempf-Bielack
et al. 2005; Saeter et al. 1995). In a study by
Kempf-Bielack et al. (2005), the incidence of
pleural disruption was noted at 11 %, and patients
with pleural disruption by lung metastases fared
worse than those without (p <0.0001).

Other Prognostic Factors After Lung Relapse

In a large study of patients with extremity osteo-
sarcoma with pulmonary involvement, either
with recurrent disease or at initial presentation
(Briccoli et al. 2010), it was found that outcome
significantly correlated with tumor stage at
presentation. The 5 year EFS for patients with
localized disease who later relapsed in the lungs
was 36 % versus those with resectable lung

metastases at presentation 9 % (p<0.0001).
Outcome also significantly correlated with the
presence of local recurrence in addition to lung
metastases (p=0.019). The number of thoracoto-
mies performed in a single patient also correlated
with outcome, with 5 year EFS of 38 % for
patients who had only one thoracotomy versus
8.5 % in patients who had two or more thoracoto-
mies (p<0.0001). Of note there was no differ-
ence between two or three thoracotomies versus
four or five (p=0.29). Interestingly in this study,
second-line salvage chemotherapy after relapse
did not have an impact on outcome.

Other Metastatic Sites

Extrapulmonary recurrence is often believed to
carry a grave prognosis, particularly distant bone
recurrence of osteosarcoma (Tabone et al. 1994;
Ward et al. 1994). Ferrari et al. (1997) reported
no surviving patients among four patients with
bone recurrence. In a subsequent study by Ferrari
(Ferrari et al. 2003), the 5-year post-recurrence
survival was 11 % in 37 patients with extrapul-
monary recurrence, most of whom had distant
bone recurrence.

In contrast, the COSS series (Kempf-Bielack
et al. 2005) results imply that it is not the extra-
pulmonary site, but rather the high likelihood that
extrapulmonary metastases are part of a dissemi-
nated disease process that leads to this impres-
sion. Recent reports have demonstrated that
metachronous osteosarcoma limited to distant
bone is not associated with a bleak prognosis
(Aung et al. 2003; Jaffe et al. 2003; San-Julian
et al. 2003). Multimodal therapy may have con-
tributed to the survival of patients with extrapul-
monary recurrences, as was noted by Hawkins
et al. (Hawkins and Arndt 2003) where 20 % of
patients with distant bone recurrence, either ini-
tial or subsequent recurrence, survived without
active disease. The location and number of
lesions cannot be viewed independently from
resectability. There are long-term survivors
exclusively among patients who achieved a sec-
ond surgical remission (Carter et al. 1991;
Duffaud et al. 2003; Ferrari et al. 2003; Goorin
et al. 1984, 1991; Hawkins and Arndt 2003; Huth
and Eilber 1989; Putnam et al. 1983; Saeter et al.
1995; Tabone et al. 1994; Ward et al. 1994).
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14.1.3.3 Ability to Achieve Surgical
Remission

Ability to achieve complete surgical control of
disease is required for cure. The most important
factor associated with prolonged survival was the
achievement of second remission (CR2) via com-
plete surgical excision. In the COSS series
(Kempf-Bielack et al. 2005), failure to do surgery
was the strongest negative prognostic factor for
the entire cohort (any surgery p<0.0001, macro-
scopically complete surgery p<0.0001). The
4-year survival rate was 33 % for patients who
achieved CR2 with a median survival period of
31 months versus 0 % survival rate and median
survival period of 7.4 months in patients without
CR2 (p<0.001) (Hawkins and Arndt 2003). In a
separate study, complete resection of all disease
sites is correlated with survival (26 % versus
17 %, p=0.05) (Chou et al. 2005). Inability to
achieve surgical CR2 was associated with excep-
tionally poor outcome in other studies, with OS
rates from 0 % to 8 % (Carter et al. 1991; Ferrari
et al. 2003; Pastorino et al. 1991; Putnam et al.
1983; Saeter et al. 1995; Strauss et al. 2004).

14.1.4 Outcome After Relapse

Overall survival after osteosarcoma recurrence is
<30 % (Bacci et al. 2001; Chi et al. 2004; Ferrari
et al. 1997; Meyers et al. 1998; Strauss et al.
2004). Chou et al. (2005) reported in a cohort of
43 patients, the OS at 36 months was 35 %,
relapse-free survival (RFS) 14 %, and average
survival for patients treated with both chemother-
apy and surgery was 29.6 months. In the COSS
series (Kempf-Bielack et al. 2005), post-relapse
actuarial OS at 5 and 10 years was 0.23 and 0.18,
respectively. The median time to second relapse
in 249 of 339 patients that were surgically
disease-free was 0.8 year, shorter than the first
relapse-free interval. The median survival was
1.2 years for all patients and 4.2 years for 148
survivors, whereby 82 patients were in CR2 with
EFS 0.13 and 0.11 at 5 years and 10 years,
respectively. In this cohort of patients, eventually
only 37 were alive at the conclusion of the study,
with 24 in CR3, 7 in CR4, 4 in CR5 4, 1 in CR7,
and 1 in CRS.

Hawkins and Arndt (2003) reported, in a study
with 59 patients, that the overall 4y OS was 23 %
and 4-year disease-free survival (DFS) was 6 %.
The discrepancy between DFS and survival rates
for the entire study (6 % versus 23 %) and for
patients with isolated pulmonary recurrence who
achieved CR2 (7 % versus 28 %) showed the high
probability of second disease recurrence. Despite
the ability to achieve CR2, most patients with
recurrent OS developed other disease recurrence.
DFS analysis also demonstrated that the time to
second disease recurrence was rapid at a median
of 8.8 months after achieving CR2 in patients
with isolated pulmonary recurrence.

In the Bricolli et al. study (Briccoli et al. 2010)
of 323 extremity osteosarcoma patients with
either resectable lung metastases at diagnosis or
localized disease who relapsed with resectable
lung metastases, 29 % were alive and disease-
free, 4 % were alive with controlled disease, and
67 % died from progressive disease. The 5 year
OS was 37 %. Other studies confirm poor overall
prognosis of recurrent osteosarcoma, with an OS
rate after recurrence ranging from 13 to 57 %
(Baccietal. 2001; Carter et al. 1991; Ferrari et al.
1997; Goorin et al. 1984, 1991; Kempf-Bielack
et al. 2005; Martini et al. 1971; Pastorino et al.
1991; Putnam et al. 1983; Rosenburg et al. 1979;
Saeter et al. 1995; Spanos et al. 1976; Tabone
et al. 1994; Ward et al. 1994).

The most common cause of death in patients
with relapsed osteosarcoma is progressive dis-
ease (Briccoli et al. 2010; Chou et al. 2005;
Hawkins and Arndt 2003; Kempf-Bielack et al.
2005). In minority of cases, other causes impli-
cated were sepsis/multiorgan failure, ARDS,
perioperative complications, thromboembolic
events, cardiomyopathy, pulmonary fibrosis, and
treatment-associated AML/MDS (Chou et al.
2005; Kempf-Bielack et al. 2005).

14.1.5 Therapeutic Approach

14.1.5.1 General Approach

More than 90 % of patients with osteosarcoma
had already been exposed to at least three of the
agents considered most active against the disease:
high-dose methotrexate, doxorubicin, cisplatin
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and ifosfamide. Majority of patients receive
multi-agent chemotherapy in combination with
aggressive surgery for treatment at relapse. The
treatment for isolated pulmonary recurrence var-
ied, most frequently involving surgery alone, or
in combination with chemotherapy. The treat-
ment of second disease recurrence was highly
variable: surgery alone, surgery in combination
with chemotherapy or a novel agent via enroll-
ment in a trial, surgery plus radiation therapy or
palliative therapy (Briccoli et al. 2010; Chou et al.
2005; Hawkins and Arndt 2003; Kempf-Bielack
et al. 2005). For repeated relapses, use of second-
line salvage chemotherapy with drugs not used in
previous treatments or with the same drugs used
at higher doses (methotrexate, ifosfamide), par-
ticularly when metastatic pattern suggests a par-
ticularly aggressive tumor behavior (i.e., patients
with metastases at diagnosis, less than 2 years
disease-free interval from the beginning of any
treatment and first relapse, multiple lung metasta-
ses, or when complete surgical removal of all
tumor was not feasible) (Briccoli et al. 2010).

14.1.5.2 Surgical Approach

Importance of Surgical Local Control

Ability to achieve complete surgical control of dis-
ease is required for cure (Briccoli et al. 2010; Chou
et al. 2005; Ferrari et al. 2003; Goorin et al. 1991;
Hawkins and Arndt 2003; Kempf-Bielack et al.
2005; Saeter et al. 1995). The general approach for
late recurrence and presence of a solitary meta-
static lung nodule is to do surgery alone (Chou
et al. 2005). Hawkins and Arndt (2003) showed
that for patients with solitary pulmonary recur-
rence, surgical resection alone provided a better
4-year survival compared with chemotherapy in
addition to surgery (47 % versus 13 %, p=0.005),
and DFS rate was similar for patients treated with
either surgery alone or surgery with chemotherapy.
A subgroup analysis of patients with completely
excised isolated pulmonary recurrence showed a
superior 5-year survival with surgery alone, com-
pared with surgery and second-line chemotherapy.
For patients with short RFI, 5-year survival rate
was 30 % with surgery alone versus 6 % with sur-
gery and second-line chemotherapy (p=0.0001).

For patients with one or two pulmonary nodules,
S-year survival rate of 65 % was noted with sur-
gery alone versus 30 % with surgery and second-
line chemotherapy (p=0.02). This may be due to
selection of patients with recurrence amenable to
surgical local control only salvage strategies ver-
sus patients who have disseminated disease at
relapse who were deemed to require systemic che-
motherapy for disease control.

Among treatment-related variables, surgery
and a second surgical CR were correlated with
improved OS (p<0.0001), and failure to achieve
second surgical remission was the strongest neg-
ative prognostic factor for the entire cohort
(Kempf-Bielack et al. 2005). About 25 % of
patients who relapsed with lung-only metastases
could become long-term survivors and perhaps
also be definitely cured by thoracic surgery alone
or in combination with chemotherapy.

Durable remissions have been achieved in
patients who experience two or more lung relapses.
Bricolli et al. (2010) reported that among 323
patients with relapsed osteosarcoma, complete
remission rate was 26 % for patients who had one
relapse only and 18 % for patients who had four
relapses (p=0.79). Of the five patients who had
five relapses, one is alive and disease-free 5 years
from last relapse. In another study, 30 % (10 out of
33) remained in complete remission at a median
follow-up of 34 months from surgery of metastatic
lung nodules (Duffaud et al. 2003). In addition,
Tabone et al. (1994) showed that 31 % (13 out of
42) were in complete remission after repeated sur-
geries at a median follow-up of 39 months. These
studies showed that all patients in complete remis-
sion at the last follow-up had a complete surgical
resection of all metastatic tumor tissue, but those
who were not operated or only had a trial removal
of disease did not survive (Briccoli et al. 2010;
Duffaud et al. 2003; Tabone et al. 1994). Several
series including Hawkins and Arndt (2003) and
Bricolli et al. (2010) have shown the curative
potential of pulmonary metastasectomy, with or
without further adjuvant therapy.

Variable Reported Outcomes After Surgery
There are different possible reasons for variable
reported outcomes after surgery in patients with
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recurrent osteosarcoma. First, the definition of
complete resection varies, and often a loose crite-
ria for complete remission (CR) in different stud-
ies is used. In a study by Goorin et al. (1984), a
much more stringent criteria for CR was used:
complete removal of macroscopic disease, nega-
tive margins, and no histologic evidence of pleu-
ral disruption by tumor. The use of such rigid
criteria narrows down considerably the number
of patients assumed to have achieved a second
CR, possibly allowing a better definition of the
subgroup from which survivors will originate
(Kempf-Bielack et al. 2005). Second, threshold
for resectability varies per institution and sur-
geon’s experience. In a large study (Briccoli et al.
2010), criteria for resectability of metastatic lung
lesions included primary tumor under control, no
pleural or pericardial effusions, no metastasis in
other organs besides the lungs, and complete
resectability leaving adequate residual pulmo-
nary functions. These variables likely contribute
to the variability of outcome in relapsed patients
following surgery.

14.1.5.3 Chemotherapy

Unclear Role of Chemotherapy in Relapse
Setting

Unlike in the treatment for primary disease, the
role of chemotherapy in the setting of disease
recurrence has been less clear as that of surgery.
Although the benefit of multi-agent chemother-
apy in addition to complete resection of all areas
of tumor involvement has been proven in the ini-
tial therapy of OS in a randomized trial (Link
et al. 1986), there has been no randomized study
evaluating the benefit of chemotherapy after
osteosarcoma recurrence.

Many investigators consider patients who
relapse after completing modern chemotherapy
resistant to further systemic treatment (Goorin
et al. 1984; Pratt et al. 1987). Several studies
(Ferrari et al. 2003; Pastorino et al. 1991; Tabone
et al. 1994), have shown there was no benefit or
observed difference in survival after second-line
chemotherapy in the setting of relapse. In a large
study (Briccoli et al. 2010), second-line salvage
chemotherapy did not influence outcome, with

EFS of 23 % for those who received chemother-
apy (n=111) versus 27 % for those who were
treated with surgery alone (n=212) (p=0.42).
There are factors that complicate the analysis
of the published literature regarding DFS and
survival after osteosarcoma recurrence which
make interpretation of impact of chemotherapy
not well defined. First, in the past, chemotherapy
given to patients who received neoadjuvant or
adjuvant treatments often differed significantly
from regimens used currently, including rela-
tively inactive or non-intensive agents (Goorin
et al. 1984; Gorlick and Meyers 2003; Pastorino
et al. 1991; Putnam et al. 1983; Rosenburg et al.
1979; Schaller et al. 1982; Tabone et al. 1994,
Ward et al. 1994). Second, most series only
reported survival rates, and very few reported
DFS or EFS after disease recurrence (Ferrari
et al. 2003; Goorin et al. 1991; Tabone et al.
1994) making it difficult to evaluate impact of
chemotherapy. Third, in many series, the number
of patients treated with second-line chemother-
apy was too small to draw conclusions regarding
its impact on survival (Ellis et al. 1997; Rosenburg
et al. 1979). More importantly, some series
(Schaller et al. 1982; Spanos et al. 1976; Temeck
et al. 1995) included selected cohorts of patients
amenable to surgical excision, thereby excluding
patients with unresectable, and therefore unfa-
vorable, recurrent tumors. The superior surgical
survival rates observed for patients treated with
surgery alone were likely due to biased use of
chemotherapy in patients with marginally excised
or difficult to resect tumors, early or multiple
recurrences, or short relapse-free interval
(<1 year) (Chou et al. 2005; Hawkins and Arndt
2003). Because of these limitations, an unambig-
uous conclusion regarding the role of second-line
chemotherapy could not be drawn.

Evidence to Support Chemotherapy

When primary mode of treatment for osteosar-
coma involved surgery alone, most patients
recurred in the lungs within 12 months (Friedman
and Carter 1972). Introduction of chemotherapy
has greatly improved prognosis for these patients
(Fuchs et al. 1998; Goorin et al. 1991; Jaffe et al.
1983; Link et al. 1986; Longhi et al. 2006; Saeter
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et al. 1995). Moreover, the incorporation of che-
motherapy to treatment of osteosarcoma has
made DFS significantly longer and the number of
lung metastases significantly lower compared to
patients treated with surgery alone (Fuchs et al.
1998; Longhi et al. 2006; Saeter et al. 1995). This
relapse pattern change seems to indicate a partial
effect of combined chemotherapy, which may
also benefit patients who relapsed (Briccoli et al.
2010). The adjuvant effect of chemotherapy is
much less obvious than that of first-line treatment
and may be easily missed when analyzing small
cohorts. There might be some selection bias, as
chemotherapy efficacy may have been underesti-
mated as the patients who received chemotherapy
were more likely to have presented with more
extensive recurrences.

Several studies have demonstrated the possi-
ble benefit of second-line chemotherapy in the
relapse setting. In a study by Saeter et al. (1995),
survival improved in those patients (n=60) with
recurrent disease who received “adequate” che-
motherapy, defined as receiving at least one agent
to which the patient had not been previously
exposed or a dose escalation of methotrexate, in
addition to surgery.

It seems that impact of chemotherapy is a bit
more obvious in patients who have not achieved
second surgical remission. In the Cooperative
Osteosarcoma Study Group (COSS) study
(Kempf-Bielack et al. 2005), the use of chemo-
therapy is correlated with overall survival for
patients who did not achieve a second complete
remission (p=0.0001). It was also noted in this
study that chemotherapy use also was found to
correlate with event-free survival for patients
who were able to achieve a CR2 (p=0.016).
When multidrug chemotherapy was compared
with no chemotherapy or single-agent chemo-
therapy, multidrug chemotherapy is correlated
with overall survival in the total cohort
(»=0.012). The use of second-line chemother-
apy is correlated with good response to first-line
chemotherapy (p=0.022), multiple lesions at
relapse (p=0.001), and bilateral pulmonary
involvement (p=0.001), but not the time to
relapse (p=0.953). Most patients treated without
chemotherapy for a first relapse will undoubt-
edly receive chemotherapy for subsequent recur-

rences, and analysis of overall survival compare
immediate with delayed chemotherapy rather
than chemotherapy with observation. This bias
does not apply to analyses of event-free survival,
which stop at second recurrence. By performing
such analysis, in this study Kempf-Bielack et al.
(2005) were able to expand previous observa-
tions of a positive correlation between second-
line chemotherapy and outcome to patients
achieving a second surgical remission, suggest-
ing an adjuvant effect, albeit limited, even in
these heavily pretreated patients.

Ferrari et al. (2003) showed that in 162
patients with relapsed osteosarcoma, chemo-
therapy was given when surgical remission was
not achievable or when pattern of disease recur-
rence suggested a particularly aggressive tumor.
This study concluded that for the majority of
patients in whom surgical remission was
achieved, the use of second-line chemotherapy
did not affect survival. However, for those
patients who were not able to achieve surgical
remission, the use of chemotherapy was found to
increase survival.

Systemic Agents

Ifosfamide + Etoposide

Ifosfamide is an oxazaphosphorine nitrogen mus-
tard that has proven activity as a single agent
against a variety of neoplasms, including bone
(Carli et al. 2003). In adults, it is clinically active
in advanced soft tissue sarcoma, with higher
response rates achieved using higher doses.
Interestingly, high-dose ifosfamide has also been
proven effective in patients previously treated
with conventional dose ifosfamide (Elias et al.
1990; Le Cesne et al. 1995; Palumbo et al. 1997;
Patel et al. 1997). In a phase I and II combination
studies with other agents, ifosfamide has signifi-
cant activity in recurrent or metastatic osteosar-
coma (Goorin et al. 2002; Miser et al. 1987), with
objective responses reported in 30-50 % (Miser
et al. 1987).

Since high-dose ifosfamide was found to have
increased response rate in patients with osteosar-
coma (Goorin et al. 2002), the 2.8 g/m?¥
day x5 days with mesna has become widely used
by pediatric oncologists. Often, etoposide is
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added at a dose of 100 mg/m?/day x5 days (Chou
et al. 2005). The response rate to ifosfamide and
etoposide regimen is 38 % (Miser et al. 1987).
Ifosfamide can also be given as a prolonged
14-day infusion which was found to be well toler-
ated in pediatric patients with favorable toxicity
profile, not requiring hospitalization for adminis-
tration and thereby promoting patient’s QOL as
well as decreasing cost. A response rate of 35 %
in heavily pretreated patients is a promising find-
ing, even in patients who were already previously
treated with ifosfamide (Meazza et al. 2010). This
study reported very low incidence of nausea, no
encephalopathy or renal toxicity, low incidence
of bladder toxicity, and reduction in cytopenias.

MTP-PE

Muramyl tripeptide phosphatidylethanolamine
(MTP) is a nonspecific immunomodulator that
is a synthetic analogue of a component of bacte-
rial cell walls. Incorporation of MTP into lipo-
somes has allowed targeted delivery of this
agent to monocytes and macrophages in areas
such as the lungs, activating these cells to be
tumoricidal (Chou et al. 2009). Preclinical mod-
els in mice and canine osteosarcoma have con-
firmed antitumor effects of MTP (Anderson
2006; Asano and Kleinerman 1993; Kleinerman
et al. 1993; MacEwen et al. 1989; Nardin et al.
2006). Moreover, concurrent administration of
chemotherapy does not interfere with antitumor
effects of MTP (Kleinerman et al. 1995; Meyers
et al. 2005).

In a study by Meyers et al. (2005), patients
with newly diagnosed metastatic osteosarcoma
(n=677) were randomly assigned to receive or
not to receive ifosfamide and/or MTP in a 2x2
factorial design, in addition to standard chemo-
therapy (methotrexate, doxorubicin, and cispla-
tin). The 3y EFS for patients treated with standard
arm of therapy, addition of MTP to standard
therapy, addition of ifosfamide to standard ther-
apy, and addition of both ifosfamide and MTP
were 71 %, 68 %, 61 %, and 78 %, respectively.
There was an observed interaction between the
addition of ifosfamide and addition of MTP. From
this study, it was concluded that the addition of
MTP to chemotherapy might improve EFS. A
follow-up analysis (Meyers et al. 2008) showed

no evidence of interaction of ifosfamide and
MTP, and both chemotherapy regimens resulted
in similar EFS and OS. The addition of MTP to
chemotherapy resulted in a statistically signifi-
cant improvement in OS (6y OS increased from
70 to 78 %, p=0.03) and a trend toward better
EFS (p=0.08).

Anaccessstudy (MTP-OS-403,NCT00631631)
(Anderson et al. 2014a) for MTP in patients with
relapsed and/or recurrent osteosarcoma was done
after initial approval by the European Medical
Agency and at the request of the US Food and
Drug Administration. This study also helped better
define pharmacodynamics, pharmacokinetics, and
safety profile of this drug in osteosarcoma.
Resection of recurrence or metastases was encour-
aged but was not required for study entry.
Concurrent chemotherapy was also allowed.
Greater than or equal to grade 3 toxicity attributed
to MTP was far less common than those attributed
to chemotherapy. Among 50 patients whose dis-
ease was completely resected, >50 % remained
alive more than 2 years from study entry. Many of
these patients had already received >2 lines of
therapy. MTP is currently available in Europe,
Mexico, South Korea, Switzerland, and Israel for
nonmetastatic osteosarcoma.

Gemcitabine/Docetaxel

Gemcitabine is a difluorinated deoxycytidine
analogue, which is taken up by cells and depletes
deoxynucleotide stores and interferes with DNA
elongation and ultimately DNA synthesis.
Docetaxel is a semisynthetic analogue of pacli-
taxel, a taxane, which stabilizes microtubules
against depolymerization resulting in cell cycle
arrest and apoptosis.

In phase 1 and 2 trials with gemcitabine alone
(Reid et al. 2004; Wagner-Bohn et al. 2006), dis-
ease stabilization was reported in 4 of 13 patients
with osteosarcoma. Modest responses in patients
with Ewing sarcoma, rhabdomyosarcoma, and
osteosarcoma have been observed with docetaxel
as a single agent (Blaney et al. 1997; Seibel et al.
1999; Zwerdling et al. 2006). In a phase 2 trial of
docetaxel (125 mg/m? every 21 days) in 55 patients
with recurrent bone and soft tissue sarcomas, there
were 6 objective responses, 2 of which have under-
lying osteosarcoma (Zwerdling et al. 2006).
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Combination of gemcitabine and docetaxel
was proven to be synergistic in terms of antitumor
activity against different cell lines, including
osteosarcoma cells (Leu et al. 2004; Ricotti et al.
2003). In a retrospective case review, 22 patients
with recurrent or refractory bone or soft tissue sar-
coma were given gemcitabine (675 mg/m? IV on
days 1 and 8) and docetaxel (75-100 mg/m? IV on
day 8) (Navid et al. 2008a). Osteosarcoma was the
most common diagnosis in this cohort (n=18). Of
the 14 patients evaluable for response, 3 patients
with osteosarcoma achieved a partial response
and 1 had stable disease. The overall objective
response rate (CR+PR) was 29 %. Median dura-
tion of response was 4.8 months (1.6—13 months).
Toxicity was manageable, primarily thrombocyto-
penia and neutropenia. The authors concluded
that this combination demonstrated antitumor
activity, especially against recurrent or refractory
osteosarcoma. Response Evaluation Criteria in
Solid Tumors (RECIST) showed shrinkage or sta-
bilization of tumor in heavily pretreated patients
with osteosarcoma and compared favorably with
ifosfamide and cyclophosphamide/etoposide regi-
mens (Miser et al. 1987; Rodriguez-Galindo et al.
2002b; Van Winkle et al. 2005).

In a phase II trial through Sarcoma Alliance
for Research Collaboration (SARC), gemcitabine
(675 mg/m? IV on days 1 and 8) and docetaxel
(75-100 mg/m? IV on day 8) were given every
21 days in children and adults with recurrent ES,
osteosarcoma, or unresectable or recurrent chon-
drosarcoma (Fox et al. 2012). Out of 53 evaluable
patients, there were no complete responses
observed, and partial responses included 1 (out of
14) osteosarcoma, 2 (out of 14) ES, and 2 (out of
25) chondrosarcoma patients. For this study,
gemcitabine and docetaxel combination was
associated with the probability of reaching the
target of 35 % response rate <5 % in osteosar-
coma and 5.6 % in EWS.

14.1.5.4 Other Local Control Measures

Radiation Therapy (RT)

Traditionally, osteosarcoma has been considered
a relatively radioresistant neoplasm. Viable
tumor cells have been observed in surgical speci-

men after a dose of 60-70 Gy or more (Cade
1955; de Moor 1975). In contrast, there is evi-
dence of a direct relationship between radiation
dose and percent tumor necrosis (DeLaney et al.
2005; Gaitan-Yanguas 1981).

Delaney et al. (2005) reviewed 41 patients
who received RT for osteosarcoma that was unre-
sected or resected with positive margins. Local
control was achieved in 78.4 % for patients with
gross total resection, 77.8 % who had subtotal
resection, and 40 % for those who had biopsy
only. Control is also correlated with radiation
dose, and a dose of >55 Gy achieved 71 % local
control versus in <55 Gy only 53.6 % local con-
trol rate. This study concluded that RT can help
provide local control of osteosarcoma for patients
in whom surgical resection with widely negative
margins is not possible. RT was specifically noted
to be effective in situations in which microscopic
or minimal residual disease is being treated.

Machak et al. (2003) determined the effective-
ness of radiation therapy for local control of non-
metastatic osteosarcoma of the extremities after
induction chemotherapy. Thirty-one patients
refusing surgical local control were treated with
neoadjuvant chemotherapy followed by standard
fractionated external beam radiotherapy with
median dose 60 Gy. The 5 year OS was 61 %,
local progression-free survival 56 %, and
metastases-free survival 62 %. Local treatment
failure occurred median time of 18 months. As
with DeLaney et al. (2005), the incidence of local
relapse was higher when the dose was <50 Gy
than those with >50 Gy. No definite correlation
was found between the rate of local failure and
regimen of fractionation. The outcome is corre-
lated significantly with imaging and biochemical
surrogate markers (alkaline phosphatase). Of
note, survival probability was largely determined
by whether a patient’s tumor responded to the
induction of systemic therapy. In the COSS series
(Kempf-Bielack et al. 2005), RT was almost
exclusively administered to patients failing to
achieve a second CR. RT was associated with
prolonged survival only in the subgroup without
a second CR (p=0.0001).

Nowadays, there are multiple and advanced
ways of delivering RT. Intensity-modulated RT
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(IMRT) has the potential to deliver higher doses
to the tumor bed while sparing adjacent organs.
This can be used for primaries in the pelvis, ver-
tebrae, and chest wall. Another mode of deliver-
ing RT is with protons. Ciernik et al. (2011)
demonstrated that high dose proton therapy
allowed locally curative treatment for some
patients with unresectable or incompletely
resected osteosarcoma. After a median dose of
68.4 Gy, local control after 3 years and 5 years
was 82 % and 72 %, respectively, with distant
failure rate of 26 % after 5 years. In this study, the
S-year DFS was 65 % and OS 67 %. The extent
of surgical resection did not correlate with the
outcome. Risk factors for local failure were >2
grade disease (p<0.0001) and total treatment
length (p=0.0008).

The effectiveness of the conventional, frac-
tionated radiotherapeutic approach is probably
limited by tumor cell repair of sublethal radiation
injury and a relatively high fraction of hypoxic
tumor cells (van Putten 1968; Weichselbaum
et al. 1977). To overcome these causes, radiation
is combined with various radiosensitizers
(Kinsella and Glatstein 1987; Martinez et al.
1985). Radiotherapy combined with chemother-
apy has been used in animal and human osteosar-
coma to enhance local control over that achieved
with radiation therapy alone (Caceres et al. 1984;
Withrow et al. 1993). Concurrent use of ifos-
famide during RT has been the standard of care
for patients with Ewing sarcoma. Caceres
(Caceres et al. 1984) was able to show complete
tumor devitalization on 80 % of patients with
osteosarcoma treated with high-dose methotrex-
ate, doxorubicin, and 60 Gy of RT. Chemotherapy
agents that combine systemic osteosarcoma con-
trol and also increase radiation effectiveness
include ifosfamide, cisplatin, high-dose metho-
trexate, and gemcitabine (Leu et al. 2004).
Gemcitabine, an active drug against a variety of
sarcomas, is a potent radiosensitizer. Concen-
trations of 1,000-fold lower than typical plasma
levels can be effective (Joschko et al. 1997,
Lawrence et al. 1997), when given at least 2 hours
prior to radiation with an effect lasting up to
48-60 hours after a dose (Wilson et al. 2006).
Severe radiation recall is rare with gemcitabine

compared to anthracyclines and taxanes, and
might involve proinflammatory cytokine produc-
tion (Friedlander et al. 2004).

There is evidence that chemotherapy mark-
edly improves the effectiveness of local control
using RT (Anderson 2003; Machak et al. 2003).
In addition, there is also data that radiation dose
required for adequate osteosarcoma control is
less when combined with chemotherapy. In
canine osteosarcoma, the radiation dose pre-
dicted to cause 90 % tumor necrosis when radia-
tion was given with cisplatin was 36 Gy, but
needed 50 Gy when radiation was given alone
(Withrow et al. 1993). Mahajan et al. (2008) ana-
lyzed the exposure of 39 high-risk metastatic
and/or recurrent osteosarcoma during consecu-
tive 20 months. The median radiation dose was
30 Gy in 10 fractions. Chemotherapy was used in
80 % of radiotherapy courses. Their results con-
firmed that external beam radiotherapy with
systemic treatment may provide a successful
multimodality approach to local control and
symptom relief.

In summary, RT can reduce the likelihood
of positive margins and can be given after sur-
gery if there are close or positive margins. RT
is an option for patients with unresectable or
incompletely resected tumors, for patients who
refuse surgery, and for palliation of symptom-
atic metastases (DeLaney et al. 2005; Schwarz
et al. 2009).

Thermal Ablation
The term “tumor ablation” refers to the destruc-
tion of tumor tissues in situ. The use of thermal
extremes to ablate the tumor has been used widely
in specific clinical scenarios. Lesions must be
detectable using CT or ultrasound (>1 cm) and
not so large (<5 cm) that heating and freezing
uniformaly within lesion become difficult.
Radiofrequency ablation (RFA) is used to
coagulate and destroy tumor tissue by direct
application of radiofrequency (RF)-generated
heat. An RF probe is placed into the tumor, and
an RF generator is used to deliver high-fre-
quency (375-480 Hz) alternating current to gen-
erate heat within the tumor to temperatures
above 60 °C. After access is obtained, percuta-
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neous delivery of thermal energy is used to
destroy the tumor. The necrotic tissue is then
resorbed and eliminated by the body. RFA
requires anesthesia, but with short recovery time
of 1-2 days (Rybak 2009).

Traditionally, symptomatic bone metastases
have been addressed with chemotherapy and/or
radiation with surgery reserved in cases of
impending pathologic fracture. Not all lesions
however are amenable to these first-line thera-
pies. Lack of tumor sensitivity or an unacceptable
risk of damage to adjacent organs may obviate
the use of these treatment methods. For many
patients, escalating use of opioids to treat pain
may be too debilitating. In these cases, RFA may
offer a minimally invasive alternative for local
control of disease and pain palliation. The main
goal of RF treatment of metastases for palliation
is the complete ablation of the tumor interface
with nearby tumor bone, as this is correlated
directly with level of pain relief (Goetz et al.
2004; Simon and Dupuy 2006). In one study
(Petsas et al. 2007), 95 % experienced decreased
pain that was considered clinically significant.

RFA has been demonstrated to be an effec-
tive method, especially in lesions <3 cm in sev-
eral adult malignancies. In a pilot study of 16
patients with recurrent pediatric solid tumors
including 8 refractory osteosarcomas with lung
metastases, Hoffer et al. (2009) was able to
demonstrate feasibility and safety of RFA. In a
later study (Saumet et al. 2014), 10 patients
enrolled with osteosarcoma in French Society
of Childhood Cancer centers had 22 treatment
to lung metastases <3 cm and >1 cm from the
large bronchi, trachea, and esophagus. Seven
had complete remission at last follow-up
(median 24 months after RFA), and none had
recurrence at RFA sites. Eight sessions were
done for bone lesions, and of three that were
curative intent, all were in remission for
>3 years. There are various other studies that
showed RFA to be beneficial in alleviating pain
from symptomatic metastases (Callstrom et al.
2006; Goetz et al. 2004; Rybak 2009; Santiago
et al. 2009).

Side effects associated with RFA include
immediate post-procedural hemoptysis and pneu-
mothorax, as well as a paradoxic increase in pain

up to the first week after RFA. Patients may have
post-ablation syndrome, characterized by general
malaise and fatigue believed to result from sys-
temic release of cytokines caused by tumor cell
death. Patients with lesions in the spine or in
weight-bearing areas such as the acetabulum may
be at risk for fracture.

On the other extreme, cryoablation involves
freezing the tumor to below —20 °C. Cell death is
induced by direct cellular injury involving forma-
tion of extracellular ice resulting in a relative
imbalance of solutes between the intra- and extra-
cellular environment, resulting in cellular dehy-
dration and damage to cell membrane and
enzymatic machinery (Baust and Gage 2005;
Robinson et al. 2001). Primary use of cryoabla-
tion is in palliation of bone metastases (Corby
etal. 2008) and primary bone tumors. Cryotherapy
has also been used where definitive surgery would
result in significant morbidity (i.e., hemipelvec-
tomy for a large pelvic lesion) or may be used as
a preliminary debulking measure thus allowing
more limited surgical resection.

14.1.6 Emerging Targets
and Therapies

14.1.6.1 Radionuclides

Samarium
Samarium-153 ethylenediamine tetramethylene
phosphonic acid (**Sm-EDTMP) is a bone-
seeking radiopharmaceutical designed to selec-
tively deliver radiation to osteoblastic skeletal
metastases (Anderson and Nunez 2007; Anderson
et al. 2002). The radioisotope '*Sm emits an
electron (beta particle) which induces targeted
cytotoxicity. Its photon emissions help with scin-
tigraphic imaging, thereby allowing both confir-
mation of agent localization and quantification of
the absorbed dose delivered to target lesions.
13Sm-EDTMP has been used in the treatment
of patients with high-risk recurrent or unresect-
able osteosarcoma. A phase I study found that up
to 30 mCi/kg could be administered with autolo-
gous stem cell support; the only significant toxic-
ity was myelosuppression (Anderson et al. 2002,
2005). In an effort to improve efficacy, Anderson
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et al. (2005) combined samarium with gem-
citabine, a radiosensitizer. Although some patients
achieved partial responses, none of these were
durable. In a dose-finding study (Loeb et al. 2009)
to see how much '3Sm-EDTMP can be given that
would allow hematopoietic recovery within
6 weeks without use of stem cell support in
patients with osteosarcoma bone metastases, the
maximally tolerated dose of **Sm-EDTMP was
1.21 mCi/kg with dose-limiting toxicity (DLT)
confined to hematologic toxicity, mainly platelet
recovery.

A phase 2 study reported safety and response of
high-risk osteosarcoma to tandem doses of
153Sm-EDTMP (37-51.8 MBg/kg followed by
222 MBqg/kg) and autologous stem cell rescue in a
cohort of heavily pretreated patients (Loeb et al.
2010). Nine patients were enrolled and six had dis-
ease stabilization; however, this was not consid-
ered a response, so the study was terminated early.
There was no correlation between positron emis-
sion tomography tumor uptake possibly from
tumor inflammation and absorbed dose or time to
progression. The median time to progression for
the entire group was 79 days. Interestingly, one
patient with disseminated lung and lymph node
disease had a prolonged period of progression-free
survival, and pulmonary nodules had >95 %
necrosis of his pulmonary nodules. Another
patient with pulmonary parenchymal disease also
had disease stabilization. These cases support the
idea that '*Sm-EDTMP is cytotoxic to extraosse-
ous disease.

Aside from nonselective toxicity to the bone
marrow, another limitation of *Sm-EDTMP is
the significant variability of tumor absorbed dose
(Anderson et al. 2002, 2005; Loeb et al. 2009).
To circumvent this problem, it would be ideal to
administer an individually targeted tumoricidal
absorbed dose of the pharmaceutical. Another
option is to combine '3Sm-EDTMP with a vas-
cular disrupting agent or a radiosensitizer. In
addition, this may have limited efficacy for large
tumors since a beta particle such as '3*Sm-EDTMP
has short path length, meaning that large areas of
the tumor are inadequately treated. To augment
the effect may need delivery of external beam
radiation. Further investigation of this novel form
for biophysically targeted therapy is warranted.

Radium

Another investigational bone-seeking radiophar-
maceutical is radium (***Ra). Compared to ***Ra
which was initially evaluated for internal radio-
therapy, ?’Ra has favorable decay characteristics,
and radon daughter decay is rapid (4 s) providing
much less of a chance of “off target” radon diffu-
sion (Anderson et al. 2014b). Experience with
23Ra in phase I (Nilsson et al. 2005) and phase II
trials in patients with metastatic prostate cancer
confirmed excellent activity against bone metas-
tases and a low toxicity profile (Nilsson et al.
2007). In a phase III prostate cancer trial with
809 patients, **Ra significantly improved overall
survival (p=0.002) (Parker et al. 2013). It was
also associated with low myelosuppression rates
and fewer adverse events.

Radium should be suitable for use in combina-
tion with chemotherapy because of its higher
therapeutic index (low bone marrow toxicity,
higher effect on malignant forming cells) than
153Sm-EDTMP. There is currently an ongoing
phase I dose escalation of monthly intravenous
233Ra dichloride in osteosarcoma (NCT01833520,
clinicaltrials.gov).

14.1.6.2 Novel Delivery Systems

Inhaled Cisplatin (SLIT™ Cisplatin)

Inhalation therapy has potential advantages in the
treatment of patients with pulmonary metastatic
disease. Inhaled liposomal cisplatin has pharma-
cokinetic properties that maximize lung tissue
delivery of cisplatin with minimal systemic expo-
sure. Cisplatin is one of the most active agents in
osteosarcoma and when encapsulated in lipo-
somes limits its undesired side effects like neph-
rotoxicity, myelosuppression, ototoxicity, and
nausea/vomiting (Wittgen et al. 2007). A study
using inhaled lipid cisplatin (ILC) in 19 patients,
administered via nebulizer every 2 weeks, and
whenever possible metastasectomy was under-
taken after 2 treatments (Chou et al. 2013).
Eleven patients had bulky disease, and all pro-
gressed prior to cycle 7, while three of eight
patients who had less bulky disease (<2 cm) had
sustained benefit. This was well tolerated with
only one patient experiencing >grade 3 respira-
tory toxicity.
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Liposomal Doxorubicin

Liposomal delivery of doxorubicin allows for
selective delivery of therapeutic agent to target
tissues such as the lungs. The pegylated formula-
tion of liposomal doxorubicin (Doxil) is a unique
form of liposomal doxorubicin in which the
liposomes are coated with ethylene glycol,
resulting in a diminished uptake by the reticulo-
endothelial system, leading to a longer half-life
in the blood and a different toxicity profile than
nonpegylated liposomes (Ta et al. 2009). In a
study of methylene diphosphonate (MDP)-
conjugated adriamycin liposomes (MDP-
LADMs), tumor growth and animal survival
rates were evaluated after UMR106 osteosarco-
mas were established in Sprague-Dawley rats,
and SOSP-M pulmonary metastatic osteosar-
coma models were established in nude mice,
respectively (Wu and Wan 2012). The toxicity
assay revealed a significantly higher median
lethal dose for MDP-LADMs than for free
Adriamycin and LADMs (p<0.05), and animal
survival in the MDP-LADMs group was signifi-
cantly higher (p<0.05). These findings indicate
that MDP-LADMs have higher therapeutic effi-
cacy against osteosarcomas, demonstrate lower
toxicity, and targeted osteosarcomas more clearly
than the stand-alone systems.

In a phase II study of Doxil in previously
heavily treated sarcoma patients (n=47, 6 with
osteosarcoma) considered unresponsive to che-
motherapy (Skubitz 2003), a dose of 55 mg/m?
every 4 weeks was used which was well toler-
ated without documented cardiac toxicity.
Three of the 47 patients received a CR or PR,
although 15 of the 47 patients were felt to have
derived clinical benefit from the treatment.
These data suggest that pegylated liposomal
doxorubicin has activity in this population of
poor prognosis sarcoma and that this treatment
is associated with modest toxicity. In a dose-
finding study of temsirolimus 20 mg/m? weekly
and liposomal doxorubicin (30 mg/m? monthly)
for patients with recurrent and refractory bone
and soft tissue sarcoma, this combination was
shown to be safe for heavily pretreated sarcoma
patients (Thornton et al. 2013). The phase II
expansion portion of this study is ongoing.

14.1.6.3 Inhibition of Signaling
Receptors and Transduction

Mammalian Target of Rapamycin (mTOR)
Inhibitors

mTOR regulates protein synthesis and cell pro-
liferation, survival, and angiogenesis. Ezrin is a
protein with a role in cell-cell interactions and
signal transduction and when upregulated
drives metastasis (Hunter 2004). It appears to
mediate its metastatic actions through the
MAPK signaling pathway. Increased ezrin
expression in pediatric osteosarcoma patients is
associated with reduced disease-free intervals,
and downregulation of ezrin expression in a
mouse model of human osteosarcoma is associ-
ated with inhibition of pulmonary metastasis
(Khanna et al. 2004). Rapamycin, an mTOR
inhibitor, has been found to inhibit ezrin-medi-
ated pathways leading to reduced lung metasta-
ses in a mouse model in osteosarcoma (Wan
et al. 2005).

Response activity to rapamycin was high
in one osteosarcoma xenograft (CR) and
intermediate in five tumors (Houghton et al.
2008). Combination with cyclophosphamide
or vincristine resulted in increased activity in
osteosarcoma models (Houghton et al.
2010b). A randomized phase II trial of ridafo-
rolimus as single-agent therapy met primary
end point of improved PFS in two osteosar-
coma patients (Chawla et al. 2012). Use of
mTOR inhibitors in the treatment of osteosar-
coma patients is under investigation as single-
dose therapy (everolimus, NCTO01216826;
sirolimus, NCT01331135) and multi-agent
therapy (sirolimus and cyclophosphamide,
NCT00743509).

Multi-tyrosine Kinase Inhibitors (TKls)

Tyrosine kinases (TKs) regulate cellular prolif-
eration, survival, differentiation, function, and
motility. Osteosarcoma has shown overexpres-
sion of several TKs (Rettew et al. 2012).

Src Kinase Pathway
Src is found to be overexpressed in osteosarcoma
and mediates PI3K/Akt anoikis resistance (Diaz-
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Montero et al. 2006). Inhibition of Src prevents
cell invasion and induces apoptosis in vitro and
reduces tumor growth in vivo (Akiyama et al.
2008). Dasatinib was tested against osteosar-
coma xenograft panels and was found to have
intermediate activity (Kolb et al. 2008).
Hingorani et al. (2009) demonstrated dasatinib to
be active in primary osteosarcoma tumor, but not
against pulmonary metastasis suggesting that
this process may be independent of Src activa-
tion. There is a phase I/II study (NCT00788125)
of dasatinib in combination with ifosfamide, car-
boplatin, and etoposide in young patients with
metastatic or recurrent solid tumors including
osteosarcoma. SARC has a randomized trial
using Src inhibitor saracatinib in patients with
recurrent osteosarcoma localized to the lung
(NCT00752206).

Sorafenib

Sorafenib is an oral multi-TKI that targets Raf
kinases and other RTKs involved in tumor pro-
gression (FLT-3, KIT, fibroblast growth factor
receptor, RET) and angiogenesis (VEGFR and
PDGEFR-p). Several of these molecular targets are
involved in the pathogenesis of osteosarcoma:
Raf (Ikeda et al. 1989), PDGF (Sulzbacher et al.
2003), VEGF (Yang et al. 2007), and KIT
(Smithey et al. 2002). Sorafenib has been shown
to inhibit ERK1/2, MCL-1, and phospho-ezrin/
radixin/moesin (P-ERM) pathways which are
activated in osteosarcoma cell lines (Pignochino
et al. 2009).

Insulinlike Growth Factor-1 Receptor (IGF-1R)
Inhibition

IGF-1R has been implicated in the development
of sarcomas, and inhibition of IGF-1R function
has been demonstrated to reduce growth in
osteosarcoma, ES, and rhabdomyosarcoma
(Scotlandi 2006; Toretsky et al. 1997b). More
than 25 antibodies and small molecules that spe-
cifically inhibit IGF-1R have undergone preclini-
cal and clinical testing in both adults and
children. Two humanized monoclonal antibodies
(mAb) have been evaluated by the Pediatric
Preclinical Testing Program (PPTP). Preliminary
evidence of antitumor activity was reported in a

phase II study of SCH717454 in subjects with
relapsed osteosarcoma and Ewing sarcoma
(NCT00617890). The mAb cixutumumab (IMC-
A12) has been shown to induce intermediate
responses in three of five osteosarcoma xeno-
grafts (Houghton et al. 2010a). In a phase II
COG trial, cixutumumab was well tolerated as a
single agent in patients with solid tumors
(Malempati et al. 2012). In the phase II study
which included patients with osteosarcoma, the
combination of cixutumumab and temsirolimus
showed clinical activity in patients, but did not
have an effect on median progression-free sur-
vival (Schwartz et al. 2013). Despite evidence of
benefits in some pediatric patients, several drug
companies have curtailed or stopped anti-IGF-
IR programs because observed clinical benefits
did not meet primary end points in many adult
trials.

14.1.6.4 Altering Tumor
Microenvironment

Receptor Activator of Nuclear Factor-

Kappa B Ligand (RANKL) Inhibitors

Zoledronic acid (ZA) is a potent third-generation
bisphosphonate which targets the microenvironment
of the bone, improves bone strength, and reduces
tumor-related pain and skeletal-related events in sev-
eral adult cancers through inhibition of osteoclast
activity and bone resorption. It is approved by the
US FDA in adults with solid tumors and bone metas-
tases (Lipton et al. 2003; Rosen et al. 2003).

Preclinical studies suggest that ZA has direct
antitumor activity in a variety of tumors, includ-
ing osteosarcoma. ZA has been shown to inhibit
primary tumor growth, reduce lung metastases,
and prolong survival in animal models of osteo-
sarcoma (Dass and Choong 2007; Labrinidis
et al. 2009; Ory et al. 2005). The COG has com-
pleted a feasibility and dose discovery analysis of
ZA with concurrent chemotherapy in the treat-
ment of newly diagnosed metastatic osteosar-
coma (Goldsby et al. 2013).

Denosumab is a fully human monoclonal
antibody targeting receptor activator of the
nuclear factor-kappa B ligand (RANKL) which
interacts with its receptor RANK to regulate
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bone turnover. It is approved by the FDA for the
prevention of fracture in postmenopausal
women with osteoporosis, for prevention of
skeletal-related events in adults with solid
tumor bone metastases, and for giant cell tumor
of the bone (Ellis et al. 2008; McClung et al.
2006). RANKL and its receptor RANK have
the physiologic function of regulating bone
turnover. In response to RANKL-RANK bind-
ing, osteoclast precursors differentiate and
become activated resulting in bone resorption.
RANK is expressed in 57 % of human osteosar-
comas, most human osteosarcoma cell lines and
70 % of canine osteosarcomas (Barger et al.
2007; Mori et al. 2007). In osteosarcoma,
RANKL activates downstream signaling and
modulates gene expression (Akiyama et al.
2010). A phase II single-arm study using deno-
sumab in recurrent osteosarcoma is currently
being developed by COG.

Inhibition of Angiogenesis

Angiogenesis is closely related to tumor develop-
ment and metastasis, as is seen in osteosarcoma.
Endostatin is a broad-spectrum angiogenesis
inhibitor. Endostar, a human recombinant end-
ostatin, enhances the antineoplastic effects of
combretastatin, a vascular disrupting agent in an
osteosarcoma xenograft (Fu et al. 2011). In a trial
to evaluate the clinical efficacy of Endostar (Xu
et al. 2013), a human recombinant endostatin is
combined with chemotherapy in the treatment of
116 newly diagnosed osteosarcoma patients.
Immunohistochemistry was used to measure
VEGF and CD31 expression. Chemotherapy was
noted to increase VEGF expression and the pres-
ence of microvessels in osteosarcoma tissues
compared with pre-chemotherapy. Although no
significant difference was observed in the OS rate
between the Endostar treatment and nontreat-
ment groups, Endostar treatment significantly
inhibited the chemotherapy-induced VEGF
expression and the presence of microvessels. The
Endostar group had a higher increase in the event-
free survival rate and decreased the occurrence of
metastases.

14.1.6.5 Other Targets

Anti-mitotic Activity

Eribulin is a fully synthetic analogue of halichon-
drin B, which is capable of inducing irreversible
mitotic blockade and apoptosis by inhibiting
microtubule dynamic instability, which differs
from the mode of action of both vinca alkaloids
and taxanes (Jordan and Wilson 2004). In an ini-
tial testing by the Pediatric Preclinical Testing
Program (PPTP), eribulin induced significant dif-
ferences in EFS distribution compared to control
in 29 of 35 (83 %) of the solid tumors. Objective
responses were observed in 18 of 35 (51 %) solid
tumor xenografts, including complete responses
(CR) or maintained CR that were observed in
osteosarcoma xenografts (Kolb et al. 2013).
A single-arm phase II study using eribulin for
recurrent osteosarcoma is currently open to
accrual (COG AOST1322).

Targeting Disialoganglioside (GD2)
Disialoganglioside GD?2 is a sialic acid containing
glycosphingolipid expressed in many tumor sur-
faces. Targeting of disialoganglioside GD2 with
immunotherapy has resulted in improved out-
comes for patients with neuroblastoma. It is
highly expressed by osteosarcoma cells (>90 %)
and thought to play an important role in the attach-
ment of tumor cells to extracellular matrix pro-
teins (Shibuya et al. 2012; Yu et al. 1998).
Expression of GD2 may confer worse prognosis.
In a report by Roth et al. (2014), osteosarcoma tis-
sue obtained at the time of disease recurrence
demonstrated a higher intensity of staining com-
pared with samples obtained at initial biopsy and
definitive surgery (p=0.016). In another study,
results suggested that expression of GD2/GD3 is
responsible for the enhancement of the malignant
features of osteosarcomas (Shibuya et al. 2012).
These findings support GD2 as a great candidate
for molecular-targeted therapy in osteosarcoma.
Currently, there are ongoing trials targeting
GD2 in patients with osteosarcoma (anti-GD2
CAR NCTO02107963, humanized anti-GD2 anti-
body NCT00743496).
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Targeting Glycoprotein Nonmetastatic
Melanoma Protein B (GPNMB)

GPNMB is a transmembrane glycoprotein highly
expressed in various types of cancer. It promotes
the migration, invasion, and metastasis of tumor
cells. Glembatumumab is an antibody—drug conju-
gate targeting GPNMB which has entered clinical
evaluation for adult cancers that express GPNMB,
including melanoma and breast cancer (Zhou et al.
2012). PPTP found that, among all xenografts,
GPNMB was primarily expressed on osteosar-
coma xenografts, all of which expressed GPNMB
attheRNA level (Kolbetal.2014). Glembatumumab
induced statistically significant differences
(p<0.05) in EFS distribution compared to control
in each of the six osteosarcoma models studied.
Glembatumumab yielded high-level activity
against three of the six osteosarcoma xenografts,
two of which showed the highest GPNMB expres-
sion at the RNA level, an evidence for response
being related to GPNMB expression levels.

14.1.7 The Future for Osteosarcoma

Osteosarcoma demonstrates high genetic insta-
bility, tumor heterogeneity, local aggressiveness,
and early metastatic potential, all of which con-
tribute to the aggressiveness of this disease.
Hence, understanding the biology of osteosar-
coma is of paramount importance in the design of
therapeutic trials that will hopefully impact the
survival of patients, especially the ones with met-
astatic and recurrent disease. In the past, hypoth-
esis failure of several early phase trials was due
to lack of clinical activity of tested novel agents
against osteosarcoma. Metastasis is a consistent
feature of osteosarcoma biology that is responsi-
ble for patient mortality, and shortcomings in our
understanding of the biology of osteosarcoma
metastatic process preclude any judgments on the
value of agents that target metastatic process.

It is clear that there is a need for changes in the
trial design which should be specifically curtailed
to the underlying biology of osteosarcoma. The

traditional phase II study design assesses radio-
graphic response in patients with measurable dis-
ease. This end point as a means to evaluate
efficacy of treatment is difficult in patients with
recurrent  osteosarcoma as  pathologically
responding lesions may not change in size radio-
graphically owing to mineralization of tumors
with treatment, leading to a conclusion that
investigational treatment is ineffective in error. In
addition, many patients with recurrent osteosar-
coma may not be considered for phase II agents if
all sites of disease recurrence are amenable to
surgical resection. Hence, these patients fre-
quently have complete resection without a trial of
second-line chemotherapy, excluding them from
a phase II trial and limiting the number of patients
available to investigate novel treatment strate-
gies. Novel biologic therapies may not be effec-
tive in patients with gross residual disease, but
might improve outcome in patients with minimal
residual disease after surgical excision.

Ongoing biology efforts through pediatric
consortium studies are underway, and tumor
specimens from this bank have been used as part
of the NCI Therapeutically Applicable Research
to Generate Effective Treatments (TARGET) ini-
tiative and NCI-led genome-wide association
study. Preclinical drug evaluation systems cre-
ated toward more rapid identification and valida-
tion of compounds active in osteosarcoma have
been established such as the Pediatric Preclinical
Testing Program in the United States and
Innovative Therapies for Children with Cancer in
Europe. High-throughput screens of novel agents
should accelerate clinical trial development.
Finally, the clinical infrastructure is primed, and
there are now various national and international
cooperative groups to efficiently test new agents.

14.2 Recurrent Ewing Sarcoma
14.2.1 Incidence of Recurrence

Ewing sarcoma (ES) is an aggressive tumor
whose prognosis is critically determined by the
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adequacy of local control of primary lesion
through surgery, radiation, or both and by the effi-
cacy of the systemic chemotherapy aimed at the
control of micrometastatic disease. Multimodal
approach to the treatment has led to the dramati-
cally improved outcome of patients with localized
ES. However, recurrences remain a daunting chal-
lenge with dismal survival rate after relapse
despite best efforts. Approximately 30-40 % of
patients with initially localized disease at diagno-
sis still died of their disease (Burgert et al. 1990;
Craft et al. 1998; Nesbit et al. 1990; Nilbert et al.
1998; Oberlin et al. 1985, 2001; Paulussen et al.
2001). About 60—80 % of patients with metastatic
disease at initial diagnosis will relapse (Leavey
and Collier 2008).

Most patients recur within 2 years from initial
diagnosis (Bacci et al. 2006; Barker et al. 2005;
Leavey et al. 2008; McTiernan et al. 2006;
Shankar et al. 2003; Stahl et al. 2011). Patients
diagnosed initially with metastatic disease
relapsed significantly earlier compared to those
who relapsed with initially localized disease at
diagnosis (median time to recurrence 434 days
versus 563 days, respectively, p<0.001). The
overall median survival after first relapse was
9-14 months (Bacci et al. 2006; Barker et al.
2005; Leavey et al. 2008; McTiernan et al. 2006;
Shankar et al. 2003; Stahl et al. 2011). It was
noted that in subsequent relapses, there was a
higher rate of patients who relapsed with dissem-
inated disease at multiple sites versus local recur-
rences (p<0.0001) (Bacci et al. 2006). In 714
patients with first recurrence treated by
Cooperative Ewing Sarcoma Studies (CESS) and
European Intergroup CESS (EICESS 92), the
patterns of relapse were as follows: 15 % local,
12 % combined systemic and local, and 73 %
systemic. Pattern of relapse seems to change
according to the stage of disease at presentation.
In this series, among patients who were initially
diagnosed with localized disease, 20 % relapsed
locally, 73 % had systemic relapse, and 12 % had
combined local and systemic relapse. When pri-
mary disease was disseminated at initial diagno-
sis, systemic relapse was seen in 82 %, 13 %
combined, and 5 % localized relapse (Stahl et al.
2011). Barker et al. (2005) reported that among

71 % metastatic relapse without associated local
relapse, the most common sites were the distant
bone (35 %) and lung (18 %), with isolated recur-
rences occurring in 11 % of patients.

14.2.2 Outcomes at Recurrence

Whereas current intensive multimodal treatment
enables patients with localized disease to be
cured, in those with metastatic spread or recurrent
disease, its benefit is more often limited to extend-
ing progression-free survival (Esiashvili et al.
2008; Leavey and Collier 2008). The outcome for
patients with initially metastatic disease remains
poor with 5 year EFS 28 % (Miser et al. 2007).
The outlook for patients with recurrent EWS is
even worse at less than 20 % in most series (Bacci
et al. 2003, 2006; Barker et al. 2005; Cotterill
et al. 2000; McTiernan et al. 2006; Robinson et al.
2013; Rodriguez-Galindo et al. 2002a Shankar
et al. 2003; Stahl et al. 2011) despite aggressive
multimodal treatment. Patients with recurrent dis-
ease have a reported 5-year post-relapse survival
(PRS) of 7-23 % (Bacci et al. 2003, 2006; Barker
et al. 2005; Leavey et al. 2008; Shankar et al.
2003) and 5-year post-relapse EFS (PREFS) of
7.9-13.8 % (Bacci et al. 2003, 2006). In a single-
center case series of 114 patients, only 12.3 %
remained alive at a median follow-up of 61 months
(Whelan et al. 2012). In a retrospective study by
Bacci et al. (2003), of 195 patients with relapsed
ES, a second complete remission was achieved in
only 26 patients (13.3 %). Of the 169 patients who
never achieved disease-free status, 164 died of
disease. Among patients who entered remission
(n=26), 12 relapsed once again with none of these
patients achieving CR3, and all died of the dis-
ease. In the end, 14 patients were alive and free of
disease. With a mean follow-up of 9.5 years, the
5-year PR EFS and OS were 9.7 % and 13.8 %,
respectively. This study’s outcome was worse
than reported in St. Jude’s cohort (Rodriguez-
Galindo et al. 2002a) which included patients
with metastatic disease at initial diagnosis, with a
5 year PRS of 23.7 % (n=71) and similar to the
UKCCSG ET-2 study (n=64) with localized ES
who had relapsed (Craft et al. 1998). Another
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study by Bacci et al. (2006) with 290 relapsed ES
patients, the 5-year PREFS and PRS 5.1 % and
7.9 %, respectively. The median follow-up was
16.8 years from the start of primary treatment and
13.6 years from first recurrence. This is similar to
ones reported by Craft et al. (1998), Oberlin et al.
(1992), and Sauer et al. (1987). In a separate
series with 114 patients with relapsed or progres-
sive ES, the 2- and 5-year PRS were 23.5 % and
15.2 %, respectively (McTiernan et al. 2006). For
all patients with recurrent ES, the 5-year PFS rate
was estimated to be 20 % and 5 year PRS 23 %
(Barker et al. 2005).

14.2.3 Risk Factors for Recurrence

The Children’s Oncology Group (COG) phase 111
multi-institutional study (INT0091) showed that
older age, tumor size, primary site, advanced
tumor stage, and serum LDH were all associated
with decreased EFS and risk of recurrence (Grier
et al. 2003). This was similar to those in previous
studies of Ewing sarcoma (Cotterill et al. 2000;
Oberlinetal. 1992; Meyeretal. 1992). Specifically,
patients with large tumors (maximal diameter of
at least 8 cm) had a poorer outcome than those
with smaller tumors (5 year EFS 55 % versus
75 % percent, p<0.001). The site of the tumor
was also correlated with the outcome with the
5 year EFS 68 % among patients with tumors of
the distal extremity, 61 % among patients with
tumors of the proximal extremity, and 50 %
among those with primary tumors of the pelvis
(p=0.003).

Grier et al. (2003) reported that younger
patients had a better outcome than older patients.
The 5 year EFS was 70 % for patients under
10 years, 60 % for those 10 years to 17 years, and
44 9% for those 18 years or older (relative risk as
compared with those under 10 years was 2.5;
p=0.001). Interestingly in this study, even though
ifosfamide and etoposide benefited patients with
localized ES, older age remained an adverse
prognostic factor despite this addition. Other
studies also supported older age (>14 years)
being associated with poor outcome (Cotterill
et al. 2000; Kolb et al. 2003; Siegel et al. 1988;

Picci et al. 1997). The explanation of this is
unclear. Some series suggest no differences
between age-groups in terms of metastasis at
diagnosis, tumor location, or histological
response to neoadjuvant chemotherapy (Verrill
et al. 1997; Bacci et al. 2007). However, there is
a higher incidence of increased tumor size and
extraskeletal primaries among patients >40 years
(Pieper et al. 2008; Maki 2008). Older patients
(>18 years) were also noted to have not benefited
from compressed cycles of vincristine,
Adriamycin, and cyclophosphamide alternating
with ifosfamide and etoposide (VAD/IE) every
2 weeks instead of 3 weeks (Womer et al. 2012).
In the study by Bacci et al. (2000), it is interesting
to note that some of the factors that influenced
initial EFS also impacted the pattern of relapse
and the length of survival. For instance, in this
series, in patients less than <12 years who
relapsed, time to relapse and time to death were
significantly longer than patients who are older
than 12 years when their disease recurred.

Overt metastatic disease at diagnosis is estab-
lished as one of the strongest indicators of poor
outcome (Cotterill et al. 2000; Grier et al. 2003;
Bacci et al. 2000). Initial pretreatment serum LDH
correlates with tumor burden and has also been
shown to be an adverse prognostic factor for out-
come in ES (Bacci et al. 2000, 2003). Pathologic
assessment of response to therapy involves evalua-
tion of the treated tumor for degree of necrosis
similar to what is done for osteosarcoma. There is
general agreement that a complete response (inabil-
ity to detect viable tumor cells with extensive sam-
pling) is associated with better outcome than
residual gross disease in the resection specimen
(Picci et al. 1993, 1997; Bacci et al. 2000). Five-
year EFS was 77.2 % and was noted for patients
with good histologic response versus only 28 % for
poor responders (p<0.001) (Bacci et al. 2000).
Moreover, patients who had good histologic
response who relapsed and died of their cancer had
significantly longer survival time versus poor
responders (p=0.03). However, histologic response
to chemotherapy is hard to be properly defined as a
prognostic factor because it is not assessable for
patients who did not undergo surgery for local
treatment. Other studies show conflicting data with
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regard to impact of tumor necrosis with post-
relapse survival (Bacci et al. 2003, 2006).

14.2.4 Prognostic Factors at
Recurrence

14.2.4.1 Time to Recurrence
Several studies have documented that outcome is
significantly correlated with time to relapse, with
patients who relapsed early (within 2 years of ini-
tial diagnosis) having worse prognosis compared
to those who experienced late recurrence
(>2 years after initial diagnosis) (Shankar et al.
2003; Leavey et al. 2008; Bacci et al. 2006;
McTiernan et al. 2006; Stahl et al. 2011; Barker
et al. 2005; Robinson et al. 2013). There was an
observed significantly better outcome in patients
who had late versus early relapse, with 5 year PRS
14 % versus 7 % (p<0.001), respectively, and
PREFS was 5 % versus 19 % (p<0.003) for early
versus late relapse, respectively (Bacci et al.
2003). In a separate study, 5-year PREFS is sig-
nificantly correlated with time to first relapse
(»<0.0009) (Bacci et al. 2006). In a study by
Leavey et al. (2008), the disease-free interval
(DFI) was shown to be significantly associated to
the risk for post-recurrence death, with 5 year EFS
of those who recurred >2 years from initial diag-
nosis 30 % versus 7 % for those whose disease
recurred <2 years (p<0.0001). The DFI for those
who relapsed >2 years is 23 months, 1-2 years is
10 months, and <1 year is 5 months. Robinson
et al. (2013) reported that time to relapse was a
significant predictor of 5 year PRS, with early
relapse (<2 year) at 12 % versus late relapse
(>2 year) at 50 % (p=0.003). In this study, those
who had late relapses also had a greater PREFS
than those who relapsed early (16 % versus 0 %).
Disease-free interval in between relapses is
noted to be shorter with every relapse. Bacci
et al. (2006) reported that the mean time to
relapse was 27 months since the start of primary
treatment, 17.6 months for second relapse,
13.7 months to third relapse, and 4 months for
those who experienced fourth relapse. Moreover,
the time to first relapse was significantly longer
for patients who achieved second remission after
treatment than for those who were never free of

disease (52 months versus 23.5 months,
p<0.0001) (Bacci et al. 2003). This association
in terms of time of recurrence is similar to find-
ings in other studies (Nesbit et al. 1990; Oberlin
et al. 1985; Paulussen et al. 2001; Rodriguez-
Galindo et al. 2002a; Schuck et al. 2003).

14.2.4.2 Location of Recurrence

Local Versus Distant Relapse

Shankar et al. (2003) reported no difference in
OS between local and systemic relapse and site
relapse. In a study by Robinson et al. (2013),
the 5 year PRS (35 %) was similar in all patients
with distant relapse (lung-only metastases and
other patterns of failure). In this study, however,
the Syearear PRS for those with localized
relapse was significantly better than distant
relapse (55 % versus 22 %, p=0.045). Patients
with combined relapse (local and distant) fared
worse with a 5 year PRS for combined recur-
rence that was 12.5 %+83 % versus
21.7 % +7.8 % for those with localized relapse
(Rodriguez-Galindo et al. 2002a). This is simi-
lar to a report by Stahl et al. (2011).

Isolated Lung Recurrence: Unilateral

Versus Bilateral

Leavey et al. (2008) reported that 30 % of
relapsed patients recurred in the lungs, but only
17 % had isolated pulmonary recurrence. In this
cohort of patients, pulmonary recurrence was not
predictive of post-recurrence survival (PRS),
with isolated pulmonary recurrence not shown to
be a statistically significant advantage compared
with combined pulmonary recurrence (17 months
versus 9 months, p=0.08). This is in contrast to
findings by Bacci et al. (2003) and McTiernan
et al. (2006) who reported that for those with
lung-only recurrence, those with bilateral disease
has a significantly worse outcome compared to
those with unilateral lung recurrence.

Recurrence in the Lungs Versus Other Sites

Some studies did not show a difference in the out-
come of patients who had lung recurrence com-
pared to other distant sites (Shankar et al. 2003;
Robinson et al. 2013), although this can be due to
smaller sample size of these studies. On the
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contrary, several studies have reported improved
survival in patients who had lung-only relapses
versus those with combination of distant recur-
rences (Bacci et al. 2003, 2006; McTiernan et al.
2006; Stahl et al. 2011). Specifically, Bacci et al.
(2003) reported a significantly better outcome in
patients who had lung-only metastases versus the
ones with combined lung and outside lung metas-
tases with a 5 year PREFS 14 % versus 0.9 %
(p<0.0001). In McTiernan’s study (McTiernan
et al. 2006), patients with local relapse or lung-
only relapse fared better compared to those with
extrapulmonary recurrence. Moreover, patients
with disease confined locally or to the lungs at
both diagnosis and relapse had superior survival
to those with extrapulmonary disease at any time.

14.2.4.3 Treatment for Recurrence
Treatment for relapsed ES varies because of the
many different types of recurrences that occur
(localized, systemic, or combined), the site of
distant relapse (lung, bone, lung and bone, other
sites), the number of pulmonary metastases, and
the type of first-line local and systemic treatment
performed. The treatment is consequently tai-
lored on an individual basis. Depending on what
patients received at diagnosis, those who have
local recurrence typically have local treatment
with surgery or radiation therapy (RT) with our
without systemic therapy.

Local Control

Shankar et al. (2003) reported that patients who
received multimodal treatment had significantly
higher response rate, but outcome was no differ-
ent to those who only received single modality
treatment. In another study, outcome significantly
correlated with treatment performed after relapse,
with all patients free of disease treated with sur-
gery alone or combined with radiation therapy or
a second-line chemotherapy (Bacci et al. 2003).
In this study, there was a significantly better out-
come in patients who had definitive local control
(surgery and/or radiotherapy) alone, or in combi-
nation with chemotherapy, versus the ones who
had chemotherapy alone (15.4 % versus 0.9 %
p<0.0001). In a separate study, the rate of the first
remission was significantly higher for patients
treated with surgery alone (93.6 %) or combined

with chemotherapy (91.6 %) than those treated
with conventional (2.2 %) or high-dose chemo-
therapy (11 %) or by radiotherapy (22 %) (Bacci
et al. 2006). This however needs to be interpreted
with caution since patients treated with surgery
alone likely had isolated local or lung recurrences,
and the ones who were treated with chemotherapy
alone were highly selected and restricted to
patients with unresectable disease and not ame-
nable for curative intent radiotherapy.

Comparing local control strategies, second
remission was achieved with complete surgical
resection (45 %) compared to radiotherapy
(13 %) (p<0.001) (Robinson et al. 2013).
However, McTiernan et al. (2006) reported that
among 114 patients, definitive local treatment
was a strong predictor of outcome, whether the
local control modality was surgery or radiother-
apy. Radical surgery for those with local recur-
rence had significantly higher 5 year PRS of
314 %=+11.6 % versus other strategies
9.1 %+6.1 % (p=0.023). Use of RT alone for
local control (especially doses <35 Gy) was
observed to contribute to high local failure rate
(Rodriguez-Galindo et al. 2002a).

Data supporting resection of lung metastases
in ES is conflicting. Some reports demonstrate
improved survival (Lanza et al. 1987; Briccoli
et al. 2004); however, others did not (Paulussen
et al. 2001). In the St. Jude cohort (Rodriguez-
Galindo et al. 2002a), lung RT in patients with
isolated pulmonary relapse had significantly pro-
longed survival (5 year PRS 30.3 %+12.5 %
versus 16.7 %+10.8 %, p=0.018). In a separate
study (Robinson et al. 2013), patients who under-
went complete surgical resection of recurrence or
definitive RT had three times higher likelihood of
5 year PRS and significantly improved 5 year
PREFS. On the contrary, there is evidence that
indicates only a small effect from the use of lung
irradiation (Hawkins et al. 2000), especially
when second-line treatment for ES fails.

Chemotherapy

Analysis of patients who received vincristine,
doxorubicin, and cyclophosphamide, alternating
with ifosfamide and etoposide (VDC/IE) for ini-
tial diagnosis versus the ones who did not, the 5
year PRS was different (16 % versus 31 %,
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respectively) although difference was not statisti-
cally significant (Robinson et al. 2013). However,
patients who received VDC/IE had significantly
later first relapse (p=0.004). In this study, the use
of chemotherapy at first recurrence did not sig-
nificantly improve outcome. In a separate study,
the type of first-line chemotherapy did not matter
to rate of achieving remission after relapse since
no patient who did not undergo surgery after
relapse was alive and free of disease (Bacci et al.
2006).

Use of second-line chemotherapy was highly
variable among different studies in patients with
relapsed ES. A significant number of patients
also received multimodal therapy (chemotherapy
and local control), making it hard to evaluate spe-
cific benefit from systemic therapy. In general,
chemotherapy seems to be employed when
relapse is deemed not amenable to local control
strategies (surgery and/or radiation). In one study
Nesbit et al. (1990), 17 % received chemotherapy
alone, and all of these patients subsequently died
due to disease progression. In another study
Oberlin et al. (1985), 65 % received chemother-
apy at first relapse. There was a trend for benefit
of systemic therapy but did not achieve statistical
difference in 5 year PRS (p=0.67).

Bacci et al. (2003) reported that among 195
patients with relapsed ES, about 50 % received
chemotherapy mostly in the setting of multi-
modal therapy and up to a third of these patients
in the context of high-dose chemotherapy with
stem cell transplant. None of the patients who
received chemotherapy alone were long-term
survivors. In another study by Bacci et al. (2006)
with 378 recurrent ES, only 6 % received adju-
vant chemotherapy after surgery, 13 % chemo-
therapy alone, and 5 % high-dose chemotherapy
with stem cell transplant. None of the patients
who did not get surgical local control survived,
irrespective of whether they received concurrent
chemotherapy or not. Their conclusion is that
multimodal therapy seems to be beneficial for
relapsed patients; nonetheless, surgical local con-
trol still has the leading role in relapsed ES.

The relationship between second remission and
type of salvage treatment should be considered

with caution mainly due to selection bias. Patients
who have more isolated and localized recurrences
are amenable to surgical resection, and therefore
better outcome, compared to patients who have
disseminated relapse who receive chemotherapy
and are not candidates for local control.

14.2.4.4 Second Complete Remission
(CR2)

Rate of CR2 is influenced by the type of relapse
and treatment. In one report, the rate of patients
who achieved second remission was 83.3 % for
those who had local recurrence, 48 % who
relapsed with isolated Ilung metastases
(»<0.0004), 20 % who relapsed with isolated
bone metastases (p<0.0002), and 2.4 % who
relapsed with combined bone and lung mets
(p<0.004) (Bacci et al. 2003). This pattern was
similar to reports by Shakar et al. (2003), Bacci
et al. (2006), and Stahl et al. (2011). This is likely
due to the fact that the ones who had local or iso-
lated relapses tend to be more amenable to com-
plete surgical resection. The type of treatment
influenced the rate of remission. Bacci et al.
(2003) reported 86.6 % CR2 rate for those treated
with surgery and chemotherapy, 66.7 % for sur-
gery alone, 33.3 % for radiotherapy plus chemo-
therapy, 6 % for radiotherapy alone, and 0.9 % for
chemotherapy alone. These differences are highly
significant (p<0.0001).

Relapse-free interval was significantly longer
for patients who achieved CR2 (39 months) ver-
sus those who did not (21 month) (p<0.0001)
(Bacci et al. 2006). Improved 5 year PFS (40 %
versus 0 %) and 5 year PRS (46 % versus 0 %)
were both associated with response to second-line
therapy (p<0.0001), with the median survival
time for patients who responded to second-line
treatment of 36 months versus 4 months for those
who did not respond to second-line treatment
(Barker et al. 2005). This was similar in other
reports (Bacci et al. 2003; Hayes et al. 1987). PR
EFS was significantly higher in patients who had
second surgical remission versus those whose
disease was not completely resected at relapse or
had disease not amenable to definitive RT (16 %
versus 0 %) (Robinson et al. 2013).
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14.2.4.5 Metastatic Disease at
Diagnosis

The presence of metastasis at diagnosis seems to
be the worst prognostic factor for patients with
ES, and unfortunately, systemic chemotherapy
trials have not been able to improve durable
remission rates for patients with metastatic ES
(Cotterill et al. 2000; Navid et al. 2008a).
Metastatic disease at initial diagnosis was corre-
lated with significantly poorer PRS compared to
localized disease (p<0.0001) (McTiernan et al.
2006), similar to findings in other studies (Leavey
et al. 2008; Barker et al. 2005). However, when
controlling for response to second-line therapy in
this study, metastatic disease at initial diagnosis
was not associated with worse outcome.
Surprisingly, in initial intergroup ewings sarcoma
study (IESS), patients with metastatic disease
achieved a 30 % 5-year OS with standard chemo-
therapy (Paulussen et al. 2001; Hayes et al. 1987;
Cangir et al. 1990) or TBI followed by auto-BMT
(Miser et al. 2004; Burdach et al. 2003; Horowitz
et al. 1993). Here it seems like patients with met-
astatic EWS at presentation have a more favor-
able outcome than nonmetastatic disease who
relapsed after combined treatment (Sauer et al.
1987). This may be because patients with metas-
tases at presentation who had never received che-
motherapy before diagnosis might be more
sensitive to systemic treatment in comparison to
patients who have relapsed after initial aggres-
sive chemotherapy.

14.2.4.6 Impact of Initial Prognostic
Factors on Outcome

Patient age has been associated with outcome.
In a report by Robinson et al. (Robinson et al.
2013), patients 18 years and older with initially
localized disease had a 5 year PRS that was
30 %. In this study, adult patients with ES who
have disease relapse after primary treatment of
localized disease will continue to have recur-
rences regardless of modality of salvage therapy.
Worse prognosis remains for adult patients who
have had distant relapse and recurrence less than
2 years after initial diagnosis. On the contrary,
reports from other studies (Leavey et al. 2008;
Bacci et al. 2003, 2006; McTiernan et al. 2006)
indicated that age did not influence outcome.

Several prognostic indicators at initial diagno-
sis did not continue to have prognostic signifi-
canceinmultivariate analysis with post-recurrence
survival, such as gender, primary tumor site
(extremity versus pelvic versus other sites),
tumor volume, and histologic response to chemo-
therapy, and did not affect survival after relapse
(Shankar et al. 2003; Leavey et al. 2008; Bacci
et al. 2003, 2006; McTiernan et al. 2006;
Rodriguez-Galindo et al. 2002a). Serum LDH
was significantly associated with outcome after
recurrence (Leavey et al. 2008), but this was not
found to be true in several studies (Shankar et al.
2003; Bacci et al. 2003, 2006; McTiernan et al.
2006; Rodriguez-Galindo et al. 2002a).

Prognostic factors evaluated in these studies
need to be interpreted with caution. The major
limitation of most studies is that majority are
done retrospectively and cannot control for selec-
tion bias. In addition, incomplete or ambiguous
data, patient, disease, or treatment-related factors
taint analysis. There is also lack of standard val-
ues in reporting measurable variables such as
age, tumor size, necrosis, and the small numbers
of patients in most series.

It seems that relapsed patients can be divided
into two groups, the ones that can be cured with
traditional treatments (late relapse, relapse to
lungs only, and patients whose recurrences can
be surgically treated with or without chemother-
apy or RT) versus those who have early relapse
with combined metastases to lungs and other
sites who seem to gain no benefit from traditional
therapies (Bacci et al. 2003, 2006). In multivari-
ate analyses (McTiernan et al. 2006; Stahl et al.
2011; Barker et al. 2005), the most significant
factors associated with improved survival were
disease confined locally or to the lungs, time to
relapse (early <2 years versus late >2 years from
initial diagnosis), and response to second-line
treatment. Most studies suggest the importance
of local control, specifically surgery, and an
aggressive approach to local failure. The benefit
of chemotherapy in the relapse setting is hard to
tease out given that most patients receive
multimodal treatment, as well as selection bias
for use of systemic treatment in patients who
have disseminated disease and therefore are not
candidates for adequate local control.
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14.2.5 Therapeutic Approach

14.2.5.1 Chemotherapy

Chemotherapy has been used in relapsed ES
mainly to control disease, address micro-/macro-
metastatic disease, and facilitate local control or
primary tumor. Unfortunately, new combinations
of traditional drugs and use of novel agents have
yet to significantly affect the outcome of patients
with high-risk disease (DuBois et al. 2009; Mora
et al. 2009; Jacobs et al. 2010; Fox et al. 2010;
Chao et al. 2010; Hunold et al. 2006; Langevin
et al. 2008; Van Winkle et al. 2005). Several dif-
ferent regimens are employed reflecting patient
factors such as organ function, duration of remis-
sion, need for mobilization and collection of stem
cells, and evolving practice.

Ifosfamide- or Carboplatin-Based Regimen
Historically, majority of patients were treated with
second-line regimens, principally carboplatin- or
ifosfamide-based chemotherapy: ifosfamide and
etoposide (IE) or ifosfamide, carboplatin, and eto-
poside (ICE) (Barker et al. 2005; Rodriguez-
Galindo et al. 2002a). When short durations
of response with carboplatin regimens were
observed, high-dose ifosfamide, at a median dose
of 15 g/m2 (range 12-18 g/m2), was employed
(Ladenstein et al. 1995a).

Irinotecan/Temozolomide

The combination of irinotecan and temozolomide
has been used with encouraging results for various
relapsed adult and pediatric solid tumors in recent
years (Reardon et al. 2005; Jones et al. 2003;
Wagner et al. 2004; Kushner et al. 2006). Irinotecan
is a camptothecin prodrug that is metabolized by
carboxylesterase enzymes to a topoisomerase [
inhibitor, SN-38, which is approximately 1,000
times more potent than the prodrug (Thompson
et al. 2008). It offers the advantages of cytotoxicity
at relatively nonmyelosuppressive doses and man-
ageable non-hematological toxicity, the most com-
mon of which is diarrhea. Temozolomide is a
second-generation imidazotetrazine prodrug that
is metabolized to the active metabolite mono-
methyl triazenoimidazole carboxamide. This
agent promotes cytotoxicity, leading to base pair

mismatch and eventual inhibition of DNA replica-
tion, resulting in cell cycle arrest (Wagner et al.
2004; Newlands et al. 1997). It has the advantages
of excellent oral bioavailability, ability to cross the
blood-brain barrier, and a favorable toxicity
profile.

Although each agent alone has minimal activ-
ity against ES, preclinical and clinical studies
demonstrate the combination of irinotecan and
temozolomide to have schedule-dependent syn-
ergy and antineoplastic activity in relapsed solid
tumors, including ES (Wagner et al. 2004, 2007;
Houghton et al. 2000). A pediatric phase I trial of
temozolomide combined with protracted irinote-
can for refractory solid tumors demonstrated the
MTD to be temozolomide 100 mg/m?/day x 5 and
irinotecan 10 mg/m?*day (daily x 5x2) every
28 days (Wagner et al. 2004). For patients with
advanced ES treated with this regimen, overall
response rates of up to 60 % have been reported
(Wagner et al. 2007; Anderson et al. 2008).
Experience at Memorial Sloan Kettering Cancer
Center (MSKCC) (Casey et al. 2009) with 19
recurrent/progressive  ES using this regimen
yielded 5 complete and 7 partial responses (a
63 % overall objective response), with a median
time to progression (TTP) for all patients at
8.3 months and for the subset of 14 patients with
recurrent ES at 16.2 months. Median TTP was
better for patients who sustained a 2-year first
remission than for those who relapsed <2 years
from diagnosis and for patients with primary
localized versus metastatic disease. In a study by
Mascarenhas et al. (2010), two treatment sched-
ules of irinotecan with vincristine were evaluated
for relapsed rhabdomyosarcoma patients and
showed that there was no difference in response
and toxicity in maximizing the dose of irinotecan
50 mg/m*day intravenously for 5 days every
21-day cycle (instead of 20 mg/m?2/day intrave-
nously for 10 days). Because this regimen is
shorter and more convenient, this is the more
commonly used drug dose and schedule in the
outpatient setting.

Topotecan/Cyclophosphamide
Cyclophosphamide is well studied in ES with
proven efficacy (Hunold et al. 2006; Sutow and
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Sullivan 1962; Bernstein et al. 2006). Its combi-
nation with topotecan, a derivative of camptoth-
ecin that inhibits topoisomerase I, has proved to
be synergistic with proven efficacy in EWS
(Anderson et al. 2008; Hunold et al. 2006). In a
phase II study of patients with recurrent solid
tumors using cyclophosphamide (250 mg/m?/
dose) and topotecan (0.75 mg/m?/dose) given
for 5 days every 21-day cycle, which included
17 patients with Ewing sarcoma, 2 achieved
complete response (CR), 4 partial response
(PR), and 6 had stable disease (SD), with an
overall objective response of 35 % (Saylors
et al. 2001). In a therapeutic window study con-
ducted by the Children’s Oncology Group
(COQG), treatment of patients with Ewing sar-
coma with cyclophosphamide/topotecan
resulted in PR in 21 of 37 patients, accounting
for a response rate of 56 %, and 15 more patients
had SD (Bernstein et al. 2006). A review of the
German experience with this regimen, in
patients with Ewing sarcoma who received
cyclophosphamide/topotecan at either first or
second relapse, showed a response rate of
32.6 % (Hunold et al. 2006). In this study, one
third of the patients were alive at a median fol-
low-up of 14.5 months (range, 2.1-59.8 months),
of whom a proportion had subsequently received
other therapies.

In a separate study in relapsed ES using
cyclophosphamide/topotecan (Farhat et al.
2013), response was assessable in 13 patients
and showed progressive disease in 6 (46 %),
stable disease in 4 (31 %), and partial response
in 3 (23 %). Nine patients had local control (rad-
ical surgery in two, radiation in three, and a
combination in four patients). Response, when it
occurred, was maintained for a median of
8 months (range 4-28 months). Four patients
(29 %) are alive at 3, 7, 9, and 10 months after
relapse. COG opened a phase II study
(AEWSO0521) combining bevacizumab with vin-
cristine, topotecan, and cyclophosphamide for
patients with first recurrent Ewing sarcoma. This
combination was found to be feasible, but fur-
ther study of bevacizumab in combination with
cytotoxic therapy for patients with recurrent
EWS is still warranted.

Gemcitabine and Docetaxel

In a phase 2 study from the COG using docetaxel
alone in pediatric patients with refractory solid
tumors, Zwerdling et al. (2006) showed 3 PR and
no CR among 21 ES patients. A retrospective case
review of 22 patients with recurrent/refractory
bone sarcoma treated with gemcitabine (675 mg/
m2 IV on day 1 and day 8) and docetaxel (75—
100 mg/m2 IV on day 8) was conducted (Navid
et al. 2008b). In this cohort, two patients had
relapsed ES, with one patient with SD and no CR/
PR. The overall objective response for this study
was 29 %, with a median duration of response of
4.8 months and manageable ambulatory toxicity.

In another series (Mora et al. 2009), ten
patients with relapsed/refractory pediatric sar-
coma, including six Ewing sarcomas, two syno-
vial sarcomas, one osteosarcoma, and one
undifferentiated sarcoma, were treated prospec-
tively with gemcitabine (1,000 mg/m? over
90 min on day 1 and 8) and docetaxel (100 mg/m?
over 2—4 h on day 8 of a 21-day cycle). By
Response Evaluation Criteria in Solid Tumors
(RECIST), four (40 %) patients had CR, one
(10 %) had PR, three (30 %) had SD, and two
(20 %) had progressive disease (PD), which pro-
vides an objective response rate of 50 %, with a
median duration of response of 10 months (range:
6-32+ months). Five out of the ten patients
(50 %) were alive, with a median follow-up of
48 months from diagnosis. Mild toxicities (no
grades 3-4) were encountered and managed in
the ambulatory setting. The study concluded that
the gemcitabine and docetaxel regimen demon-
strated antitumor activity against advanced pedi-
atrics, mainly Ewing sarcoma, allowing for good
quality of life.

A SARC phase 2 trial (SARC) was conducted
using gemcitabine (675 mg/m2 IV on days 1 and
8) and docetaxel (75-100 mg/m2 IV on day 8)
given every 21 days in children and adults with
recurrent ES, osteosarcoma, or unresectable or
recurrent chondrosarcoma (Fox et al. 2012).
Primary objective response rate was based on
RECIST, and out of 53 evaluable patients, there
was no complete response observed, and partial
responses included 2 out of 14 enrolled relapsed
ES. In this study, gemcitabine and docetaxel
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combination was associated with 5.6 % probability
of reaching the target of 35 % response rate in ES.

14.2.5.2 High-Dose Chemotherapy
with Stem Cell Transplant
(HDT-SCT)

Evidence That HDT-SCT Is Beneficial

Benefit of HDT-SCT in Ewing sarcoma has been
controversial. Over the years, there have been
numerous attempts in trying to answer this ques-
tion, but the answer is still elusive. Several stud-
ies have alluded to its benefit, especially in the
setting of high-risk ES. McTiernan et al. (2006)
reported the use of HDT-SCT after second-line
chemotherapy with curative intent among 29 (of
77) patients with progressed or relapsed Ewing
sarcoma. HDT-SCT conditioning regimens
included the following: busulfan—melphalan
(BuMel) in 19 patients, melphalan only 2,
melphalan/TBI 1, melphalan/etoposide 7, mel-
phalan/etoposide/TBI 3, and busulfan/cyclo-
phosphamide 3. The median time from diagnosis
to relapse was 23 months for those who pro-
ceeded to HDT-SCT after relapse. After HDT-
SCT, there were 13 CR, 8 PR, 7 responding
disease, and 1 progressive disease. Out of three
patients who died from the entire cohort due to
treatment-related causes, two underwent HDT-
SCT. Findings indicate that HDT-SCT was the
strongest predictor of survival in univariate anal-
ysis, with a 5-year PRS of 50.6 % (9.5 %) for
those who received HDT-SCT compared to
3.5 % (£2.0 %) for those who did not (p<0.001).

In a series of 33 patients who received HDT-
SCT using BuMel as conditioning regimen, uni-
variate analysis showed improved 5 year EFS
(21 %) associated with treatment with HDT-SCT
compared to patients who received standard dose
chemotherapy (0 %) (Bacci et al. 2003). Of note,
however, multivariate analysis was not done to
control for other prognostic factors.

The European Intergroup Cooperative Ewing
Sarcoma Study (EICESS) reported that a subgroup
of patients especially those with early relapses
showed benefit from HDT-SCT (Burdach et al.
1993; Ladenstein et al. 1992). It must be noted that
patients who underwent HDT-SCT were a selected

cohort primarily by being responsive to salvage
therapy, achieved either CR or VGPR, and
remained in remission long enough for HDT-SCT.

Barker et al. (2005) reported 13 patients with
relapsed ES who received HDT-SCT. Only
patients who responded to second-line therapy
received HDT-SCT. Most of these patients (10 of
13) achieved complete surgical excision of all
recurrent disease, while 3 of 13 had partial exci-
sion of recurrent disease. Median time between
relapse and HDT-SCT was 5 months. All patients
received busulfan, melphalan, and thiotepa
(BuMelTT) as preparative regimen, and 12 of 13
received autologous stem cell transplant. Five-
year PES (61 % versus 7 %, p<0.0001) and OS
(77 % versus 7 %, p<0.0001) were superior in
this group compared with patients who did not
receive HDT-SCT for relapse. No patient died of
HDT-SCT-related complications. There were five
patients who developed second recurrence after
HDT-SCT, with median time between the first
and second recurrence of 20 months. Six out of
nine patients who received tandem HDT-SCT are
alive without recurrence. Two out of four patients
who received BuMel only are alive without recur-
rence. Optimal conditioning regimen for Ewing
sarcoma remains unclear, and most regimens use
BuMel and often with TBI.

Review of the European Bone Marrow
Transplantation Solid Tumor Registry (EBMTR)
showed advantage of BuMel versus TBI
(Ladenstein et al. 1992). A report from Perentesis
et al. (1999) have used identical BuMelTT regi-
men for high-risk Ewing sarcoma (initially meta-
static or recurrent) with encouraging early
survival data.

Al-Faris et al. (2007) evaluated the role of
HDT-SCT as consolidation therapy for children
with high-risk Ewing sarcoma. High-risk Ewing
sarcoma was defined as metastatic at diagnosis or
relapsed disease. Forty-five children were identi-
fied, and 20 patients received autologous SCT
after induction with VDC/IE. All patients had
adequate local control: patients with resectable
tumor or lung metastases underwent surgery, and
those with non-resectable tumors were treated
with radiation. At relapse, patients were treated
with topotecan and cyclophosphamide, followed
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by ICE and local control with surgery and/or irra-
diation. Ten of the 20 patients treated with HDT-
SCT are alive (median follow-up 6 years), with 8
out of 10 being in remission more than 5 years
from diagnosis. The 3 year OS for HDT-SCT was
59 %, compared to 34 % (p=0.06) for patients
treated with conventional chemotherapy (CC).
The 3 year EFS for the ASCT was 39 % com-
pared to 32 % in the CC group (p=0.08). Authors
concluded that HDT-SCT appears to add some
benefit to conventional multimodality therapy for
children with high-risk ES.

No Benefit from HDT-SCT

On the contrary, there have also been numerous
reports about the lack of evidence that HDT-SCT
provides additional benefit in the treatment of
patients with high-risk Ewing sarcoma. There are
some plausible explanations why HDT-SCT may
not necessarily work for patients with high-risk
Ewing sarcoma. Patients having aggressive dis-
ease that do not respond to initial treatment par-
ticularly chemotherapy likely have chemoresistant
disease and may have residual disease even after
HDT-SCT. There have also been some reports of
stem cell or marrow product contaminated with
tumor cells (Hayes et al. 1987; Miser et al. 2004;
Leung et al. 1998; Fischmeister et al. 1999).
Overall survival remains unchanged despite a
significant risk of death approaching 8 % from
treatment-related complications such as second-
ary leukemia and myelodysplasia.

Several earlier studies suggest that HDT-SCT
failed to improve survival when compared to his-
torical controls (Kolb et al. 2003; Burdach et al.
2000, 2003; Ladenstein et al. 1995b; Paulussen
et al. 1998; Meyers et al. 2001). Although patient
number was small, HDT-SCT did not signifi-
cantly make a difference in outcome of patients
with relapsed EWS (Shankar et al. 2003). Four
out of seven had recurrence after HDT-SCT, two
alive with one disease-free for 42 months after
distant skeletal relapse, and the other with recur-
rent disease 15 months after relapse. Progression-
free interval after HDT-SCT is 16 months. Bacci
et al. (2003) reported that none of the 15 patients
who underwent HDT-SCT reached remission.

Meyers et al. (2001) conducted a study to
determine whether consolidation therapy with
high-dose melphalan, etoposide, and total body
irradiation (TBI) with autologous stem cell sup-
port would improve the prognosis of 32 patients
with newly diagnosed ES metastatic to bone and/
or bone marrow. All patients received VDC/IE
and local control. Twenty-three patients who had
a good response to initial therapy proceeded to
consolidation therapy with HDT-SCT. Three
patients died from toxicity during HDT-SCT. The
majority of the patients who underwent high-
dose consolidation therapy experienced relapse
and died with progressive disease. The 2 year
EFS for all eligible patients was 20 %, compared
to the 2-year post-stem cell reconstitution EFS
for 23 patients who received HDT-SCT of 24 %.
This study concluded that high-dose melphalan,
etoposide, and TBI with autologous stem cell
support failed to improve the probability of EFS
in this cohort of patients with newly diagnosed
metastatic ES.

In another study by Kushner and Meyers
(2001), 21 patients with newly diagnosed ES
metastatic to bone/bone marrow received VDC/
IE for induction. Patients in complete or very
good partial remission (CR/VGPR) after VDC/IE
received myeloablative therapy with either total
body irradiation TBI/melphalan or thiotepa/car-
boplatin. Only one patient became a long-term
event-free survivor; all but one relapse was in a
distant site. In eight patients treated with TBI/
melphalan, four relapsed 2—7 months after trans-
plantation, two died early of toxicity, one
died of pulmonary failure 17 months after trans-
plantation without evidence of ES, and one
remains in CR at more than 7 years. The three
patients treated with thiotepa/carboplatin relapsed
3—4 months after transplantation. All reports on
large series of unselected patients with ES/PNET
metastatic to bone/BM showed similarly unsatis-
factory results and no improvements in event-free
survival rates (Meyer et al. 1992; Cangir et al.
1990; Horowitz et al. 1993; Paulussen et al.
1998; Wexler et al. 1996; Sandoval et al. 1996).
Secondary leukemia emerged as a major risk
with dose-intensive regimens.
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Poor outcome of recurrent Ewing sarcoma has
led several investigators to use high-dose chemo-
therapy in the attempt to overcome chemotherapy
resistance (Burdach et al. 1993, 2003; Hawkins
et al. 2000; Ladenstein et al. 1992). However, the
role of HDT-SCT in Ewing sarcoma remains
unproven due to variations in approach. Different
types of myeloablative regimens and sources of
stem cells have been used. Also, selection criteria
for eligible patients are varied among different
studies. Patients who have had response to
second-line therapy and/or had good perfor-
mance status were candidates for HDT-SCT
(Burdach et al. 1993, 2003; Ladenstein et al.
1992). This creates a selection bias for patients
able to go through HDT-SCT by excluding
patients who have especially aggressive or
therapy-resistant disease. Also, a lot of studies
were retrospective in nature and had small sam-
ple size with short follow-up. In addition, differ-
ent patient-related factors, such as presence of
metastatic disease at initial diagnosis, induction
and treatment at relapse, and extent and timing of
relapse from initial diagnosis, may have influ-
enced outcome after HDT-SCT.

Clearly, there is a need for a prospective ran-
domized controlled trial to answer the controver-
sies of the role of HDT-SCT in Ewing sarcoma.
Short of this trial format, statistical analyses may
minimize the biases, but unlikely to eliminate it.
In addition, defining a specific group of patients
that will likely benefit from this approach is nec-
essary. Barker et al. (2005), adjusting for selec-
tion bias in patients deemed eligible for HDT-SCT
by performing multivariate analysis that controls
for RFI and response to therapy, reported that
patients with prolonged RFI and have response to
therapy have an improved PFS and PRS with
HDT-SCT. EBMTR (Ladenstein et al. 1995b)
reported that favorable outcome was limited to
relapsed patients with localized disease at initial
diagnosis. In a separate study (Oberlin et al.
2006), 97 patients with newly diagnosed meta-
static Ewing sarcoma who had CR or VGPR after
induction chemotherapy received HDT-SCT with
BuMel. Local therapy (surgery and/or radiation
therapy) was performed before or after HDT-
SCT. The 5 year EFS for all 97 patients was

37 %, and the overall survival (OS) rate was
38 %, whereas EFS after HDT-SCT was 47 %,
52 % for the 44 patients with lung-only metasta-
ses, and 36 % for patients with bone metastases
without bone marrow involvement. From this
study, it seemed that HDT-SCT benefited patients
who responded well to systemic therapy and had
lung- or bone-only metastases. In a report by
Burke et al. (2007), HDT-SCT was offered to
eight patients with high-risk Ewing sarcoma
(defined as pelvic primary and/or metastatic dis-
ease). This study yielded four CR with mean
follow-up of 6.25 years, and all had tandem
HDT-SCT. Two other survivors constituted truly
high-risk patients with bone metastases who have
not had local control (surgery of radiation) of
metastatic sites and had no evidence of disease.
This study endorses HDT-SCT for high-risk
patients, especially the ones with bone metasta-
ses and for whom local control measures cannot
be adequately administered.

EURO-E.W.L.N.G. 99

The EURO-E.W.LN.G. 99 trial is the first inter-
national randomized evaluation of the role of
HDT-SCT for patients with metastatic ES at ini-
tial diagnosis. In this study, all patients received
an intensive induction chemotherapy consisting
of vincristine, ifosfamide, doxorubicin, and eto-
poside (VIDE) for six courses. Following local
control, patients with localized tumors and a
good response to induction were randomized to
either ifosfamide-containing (VAD) or
cyclophosphamide-containing (VAC) consolida-
tion chemotherapy. Patients with isolated pulmo-
nary/pleural metastases or with localized tumors
and poor response to induction therapy were ran-
domized to either VAI conventional consolidation
chemotherapy or HDT-SCT using BuMel for
consolidation. This study had lower than antici-
pated accrual to the R2 randomization because of
the higher than predicted rate of good responding
patients with localized tumors.

In a study by Ladenstein et al. (2010), 281
patients with primary disseminated multifocal ES
were enrolled onto the EURO-E.W.I.N.G.99 (R3)
study. Median age was 16.2 years (range, 0.4—
49 years). Recommended treatment consisted of
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six cycles of VIDE, one cycle of VAI, local treat-
ment (surgery and/or radiotherapy), and high-
dose busulfan—melphalan followed by autologous
stem cell transplantation (HDT-SCT). After a
median follow-up of 3.8 years, 3 year EFS and
OS for all 281 patients were 27 %=+3 % and
34 % +4 %, respectively. Six VIDE cycles were
completed by 250 patients (89 %); 169 patients
(60 %) received HDT-SCT. The estimated 3 year
EFS from the start of HDT-SCT was 45 % for 46
children younger than 14 years. Cox regression
analyses demonstrated increased risk at diagnosis
for patients older than 14 years (hazard ratio
(HR) 1.6), a primary tumor volume more than
200 mL (HR=1.8), more than one bone meta-
static site (HR=2.0), bone marrow metastases
(HR=1.6), and additional lung metastases
(HR=1.5). An up-front risk score based on these
HR factors identified three groups with EFS rates
of 50 % for score <3 (82 patients), 25 % for score
more than 3 to less than 5 (102 patients), and
10 % for score >5 (70 patients) (p=0.0001). This
study concludes that patients with high-risk ES
may survive with intensive multimodal therapy,
and risk-adapted treatment approach may help
tailor management.

14.2.5.3 Local Therapies (Surgery
and Radiation)

Robinson et al. (2013) reported that patients who
received multimodal treatment had significantly
higher response rate, but outcome was no
different to those who only received single
modality treatment. In another study, outcome is
significantly correlated with treatment performed
after relapse, with all patients free of disease
treated with surgery alone or combined with radi-
ation therapy or a second-line chemotherapy
(Bacci et al. 2003). In this study, there was a sig-
nificantly better outcome in patients who had
definitive local control (surgery and/or radiother-
apy) alone, or in combination with chemother-
apy, versus the ones who had chemotherapy alone
(15.4 % versus 0.9 % p<0.0001). In a separate
study, the rate of first remission was significantly
higher for patients treated with surgery alone
(93.6 %) or combined with chemotherapy
(91.6 %) than those treated with conventional

(2.2 %) or high-dose chemotherapy (11 %) or by
radiotherapy (22 %) (Bacci et al. 2006). This
however needs to be interpreted with caution
since patients treated with surgery alone had iso-
lated local or lung recurrences, and the ones who
were treated with chemotherapy alone were
highly selected and restricted to patients with
unresectable disease and not amenable for cura-
tive intent radiotherapy.

Comparing local control strategies, second
remission was achieved with complete surgical
resection (45 %) compared to radiotherapy
(13 %) (»<0.001) (Robinson et al. 2013).
However, McTiernan et al. (2006) reported that
among 114 patients, definitive local treatment
was a strong predictor of outcome, whether the
local control modality was surgery or radiother-
apy. Radical surgery for those with local recur-
rence had significantly higher 5 year PRS of
314 %=+11.6 % versus other strategies
9.1 %+6.1 % (p=0.023). Use of RT alone for
local control (especially dose <35 Gy) was
hypothesized to contribute to high local failure
rate (Rodriguez-Galindo et al. 2002a).

14.2.6 Emerging Targets

Targeting EWS-FLI1
EWS-FLI1 is critical for Ewing cell survival.
Direct targeting of this transcription factor has
been for a long time felt to be “undruggable.”
There is therapeutic promise in disrupting inter-
actions between EWS-FLI1 and other protein
complexes thought to be required for oncogene-
sis such as RNA helicase and lysine-specific
demethylase 1 (Erkizan et al. 2009; Sankar et al.
2013). In vitro downregulation of the EWS-FLI1
translocation via antisense oligonucleotides,
dominant negative transcripts, and RNAi has
been shown to limit the malignant transformation
and reduce cell growth (Kovar et al. 1996;
Toretsky et al. 1997a; Lambert et al. 2000).
Toretsky’s group reported their work on a
small molecule YK-4-279 which blocks EWS-
FLI1 from interacting with RNA helicase A
(RHA) (Barber-Rotenberg et al. 2012). In vivo
studies confirm prior in vVitro experiments
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showing the enantiomer (S)-YK-4-279 as the
EWS-FLI1-specific enantiomer demonstrating
both induction of apoptosis and reduction of
EWS-FLI1-regulated caveolin-1 protein. Rat
xenograft model of ES treated with (S)-YK-4-
279 led to a sustained complete response in two
of six ES tumors (Hong et al. 2014).

Mithramycin, an older antibiotic, is a drug that
binds GC-rich regions of the genome and regu-
lates the expression of specific genes including
SRC, MYC, and MDRI often by inhibiting the
SP1 family of transcription factors. This agent
was identified in a high-throughput drug screen
to inhibit expression of EWS-FLI1 downstream
targets and decrease the growth of ES cells in
mouse xenografts (Grohar et al. 2011).

PARP Inhibitors

Great interest emerged with poly (ADP-ribose)
polymerase (PARP) inhibitors which are small
molecules that have been studied in a variety of
malignancies (Fong et al. 2009; Foulkes et al.
2010). PARP messenger RNA and proteins are
amassed in very high levels in ES cell lines
(Soldatenkov et al. 1999). ES cells, primary
tumor xenografts, and tumor metastases were
shown to be all highly sensitive to PARP1 inhibi-
tion (Soldatenkov et al. 1999; Garnett et al.
2012). Mechanistic investigations revealed that
DNA damage induced by expression of EWS-
FLI1 or EWS-ERG fusion genes was potentiated
by PARPI inhibition in ESFT cell lines. Notably,
EWS-FLI1 fusion genes acted in a positive
feedback loop to maintain the expression of
PARP1, which was required for EWS-FLI-
mediated transcription, thereby enforcing onco-
gene-dependent sensitivity to PARP1 inhibition.
This response was specific to ESFT, as this did
not have an effect on osteosarcoma and rhabdo-
myosarcoma cell lines. These findings offer a
strong preclinical rationale to target the EWS-
FLI1-PARP1 intersection as a therapeutic strat-
egy to improve the treatment of ESFTs. Addition
of a PARPI inhibitor to the second-line chemo-
therapeutic agent temozolomide resulted in com-
plete responses of all treated tumors in an
EWS-FLI1-driven mouse xenograft model of
ESFT (Brenner et al. 2012). Although a single-

agent study did not show clinical activity, combi-
nation studies with temozolomide are being
pursued (NCTO01858168, NCT02044120).

IGF-1R Inhibition

Over the past 5 years, significant work has been
focused on insulinlike growth factor 1 receptor
(IGF-1R), which is a receptor tyrosine kinase that
is overexpressed in ES cells. Activation of this
receptor has been found to be essential for EWS-
FLIl-induced malignant transformation of
murine fibroblasts (Toretsky et al. 1997b; Manara
et al. 2007). For a small subset of refractory ES
patients, dramatic responses were seen with
monoclonal antibodies to IGF-1R (Juergens et al.
2011; Malempati and Hawkins 2012; Pappo et al.
2011). Anti-IGF-1R antibodies have been used
with mammalian target of rapamycin (mTOR)
inhibitors in refractory pediatric patients
(O’Reilly et al. 2006), with a few complete
responses and sustained stable disease (Naing
et al. 2012; Schwartz et al. 2013).

A phase I expansion cohort study of figitu-
mumab in 29 patients, 16 of whom had ES, had
objective responses (one complete response, one
partial response). Eight patients had disease sta-
bilization for 4—-16 months, of whom six had ES
(Olmos et al. 2010). A phase I study of R1507
was conducted on 37 patients with advanced
solid tumors. Of nine patients who had ES, two
had durable partial responses of 11.5 and
>26 months, and two had stable disease (Kurzrock
et al. 2010). In a multicenter phase II trial of
R1507 in 133 patients with recurrent or refrac-
tory Ewing sarcoma/PNET, overall complete/
partial response rate was 10 % with a median
duration of response of 29 weeks and median sur-
vival of 7.6 months (Pappo et al. 2011). Finally
there also is the theoretical potential for
combining IGF-1R inhibitors with other drugs
such as mTOR inhibitors with the prospect of
enhanced treatment efficacy.

Mammalian Target of Rapamycin (nTOR)
Inhibition

Different types of EWS-FLI1 express differing
levels of total and phosphorylated mTOR protein.
The use of rapamycin as a cytostatic treatment
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has been evaluated in Ewing sarcoma/PNET cell
lines with heterogeneous EWS-FLI1 fusion
genes. ES has been shown to have upregulated
p-Akt and p-mTOR (Subbiah et al. 2013).
Rapamycin was found to inhibit cell line prolif-
eration by causing G1 phase arrest with concur-
rent downregulation of EWS-FLI1 protein and
restoration of expression of TGF-b type 2 recep-
tor. TGF-b type 2 receptor is transcriptionally
repressed in Ewing sarcoma cells, and exposure
to rapamycin resulted in a marked increase in
TGF-b receptor 2 mRNA in the cell lines tested
with concomitant-increased susceptibility to
TGF-b inhibition of growth (Mateo-Lozano et al.
2003). COG conducted a phase 1 trial of temsiro-
limus in combination with irinotecan and temo-
zolomide in patients with recurrent/refractory
solid tumors. Of 71 eligible patients, 7 had
ES. Six patients had objective responses con-
firmed by central review including patient with
ES, with three sustained responses through >14
cycles of therapy (Bagatell et al. 2014).

Epigenetic Targeting

Agents that target chromatin structure would be
expected to have activity in ES since this is a dis-
ease driven by a transcription factor. There has been
note of dysregulation of protein complexes involved
in the regulation of chromatin structure. The result-
ing changes in the epigenome play a major role in
the biology of ES and have been linked to altera-
tions in gene expression, malignant transformation,
and even drug resistance (Lawlor and Thiele 2012).
Studies have investigated the role of HDAC inhibi-
tors in particular signaling pathways mediated by
EWS-FLI1 (Li et al. 2012; Matsumoto et al. 2001).
In the clinic, the HDAC inhibitor vorinostat has
been evaluated in children in the relapsed refractory
setting. Unfortunately, single-agent activity in
Ewing sarcoma has not been observed, although
only two patients with Ewing sarcoma received the
drug (Fouladi et al. 2010). EWS-FLI1 drives the
expression of genes that in turn suppress a large
percentage of the genome by modifying the avail-
ability of chromatin to the transcriptional machin-
ery, allowing ES cells to evade senescence and
apoptosis in the setting of genetic damage. Further
investigation of these agents in ES is warranted.

VEGF Inhibition

Angiogenesis plays an important role in the biology
of ES oncogenesis and tumor growth and develop-
ment (Stewart and Kleinerman 2011; Yu et al. 2010).
Also, the EWS-FLII1 chimeric fusion gene is known
to upregulate VEGF-A in preclinical models (Nagano
et al. 2009). Clinical experience with bevacizumab as
monotherapy demonstrated stable disease at best for
at least 4 months in three out of five patients with
Ewing sarcoma enrolled in a COG phase I clinical
study (Glade Bender et al. 2008). COG evaluated the
use of bevacizumab with VTC (AEWS0521) with
recurrent EWS, and addition of bevacizumab was
feasible but did not improve outcome.

14.2.7 Future of Ewing Sarcoma

Recent novel therapies produced dramatic responses
thought to have overcome the therapeutic plateau in
patients with ES. Unfortunately, these therapies
benefited only a minority of patients, and even those
patients who had favorable responses initially inevi-
tably developed resistance. It is clear that further
understanding of the complex biology of ES is war-
ranted. Various prognostic molecular markers have
been recently identified for ES, as well as prognos-
tic gene expression signatures. Since most ES
express EWS-FLI1 and EWS-ERG transcription
factors, there is a realistic chance for targeted thera-
peutics that may impact those with newly diag-
nosed as well as recurrent disease. Continued
systematic clinical investigation that integrates
active agents into ES therapy will hopefully lead to
improved outcomes. A significant biology effort
has been established in ES through COG
AEWS02B1 and AEWSO07B1 studies. This
endeavor allows for molecular profiling as well as
development of tissue resources such as microar-
rays containing tumor samples that are linked to
therapeutic studies and can be used for evaluation
of prognostic factors.

The rarity of this tumor is a significant obstacle
for drug development. However, with optimism and
global collaboration, significant number of patients
can be accrued in short time frames. Considering
the demographics, high lethality, and defined
molecular pathogenesis, targeted therapeutics of ES
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is an area of importance for collaborative interna-
tional clinical trials.
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