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BACKGROUND: According to retrospective osteosarcoma series, ABCB1/P- glycoprotein (Pgp) overexpression predicts for poor out-

comes. A prospective trial to assess a risk- adapted treatment strategy using mifamurtide in Pgp+ patients was performed. METHODS: 

This was a phase 2, multicenter, uncontrolled trial including patients 40 years old or younger with nonmetastatic extremity high- grade 

osteosarcoma stratified according to Pgp expression. All patients received high- dose methotrexate, doxorubicin, and cisplatin (MAP) 

preoperatively. In Pgp+ patients, mifamurtide was added postoperatively and combined with MAP for a good histologic response (ne-

crosis ≥ 90%; good responders [GRs]) or with high- dose ifosfamide (HDIFO) at 3 g/m2/d on days 1 to 5 for a histologic response < 90% 

(poor responders [PRs]). Pgp–  patients received MAP postoperatively. After an amendment, the cumulative dose of methotrexate was 

increased from 60 to 120 g/m2 (from 5 to 10 courses). The primary end point was event- free survival (EFS). A postamendment analysis 

was performed. RESULTS: In all, 279 patients were recruited, and 194 were included in the postamendment analysis: 70 (36%) were Pgp– , 

and 124 (64%) were Pgp+. The median follow- up was 51 months. For Pgp+ patients, 5- year EFS after definitive surgery (null hypothesis, 

40%) was 69.8% (90% confidence interval [CI], 62.2%- 76.2%): 59.8% in PRs and 83.7% in GRs. For Pgp–  patients, the 5- year EFS rate 

was 66.4% (90% CI, 55.6%- 75.1%). CONCLUSIONS: This study showed that adjuvant mifamurtide, combined with HDIFO for a poor re-

sponse to induction chemotherapy, could improve EFS in Pgp+ patients. Overall, the outcomes compared favorably with previous series. 

Mifamurtide and HDIFO as salvage chemotherapy are worth further study. Cancer 2022;128:1958-1966. © 2022 The Authors. Cancer 

published by Wiley Periodicals LLC on behalf of American Cancer Society This is an open access article under the terms of the Creative 

Commons Attribution- NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original 

work is properly cited and is not used for commercial purposes. 
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INTRODUCTION
High- grade osteosarcoma is the most frequent primary bone tumor that usually occurs in pediatric and adoles-
cent and young adult (AYA) patients.1- 3 A 5- year survival rate of nearly 70% can be expected after multimodality 
treatments, including wide surgical resection and chemotherapy regimens based on methotrexate, doxorubicin, 
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and cisplatin (MAP) and ifosfamide.4- 6 In the last 2 
decades, a sort of plateau of survival has been reached, 
and new treatment strategies and agents are being 
investigated.

A potential strategy for improving the prognosis of 
nonmetastatic osteosarcoma is treatment differentiation 
based on risk stratification. There is evidence that the 
expression of ATP binding cassette subfamily B mem-
ber 1 (ABCB1), also known as P- glycoprotein (Pgp), an 
efflux pump that reduces the intracellular concentration 
of doxorubicin, is associated with poorer survival in pa-
tients with osteosarcoma.7- 10 On the basis of these data, 
the Italian Sarcoma Group (ISG) planned the current 
study, in which patients with nonmetastatic osteosarcoma 
were stratified according to the expression of Pgp. The 
backbone of the treatment was the drugs active in osteo-
sarcoma: methotrexate, doxorubicin, and cisplatin (ie, 
MAP).

Mifamurtide was approved by the European 
Medicines Agency for the treatment of patients with a di-
agnosis of localized osteosarcoma. At that time, there was 
discussion about a potential synergistic effect of mifamur-
tide and ifosfamide.

Therefore, mifamurtide was administered postoper-
atively to high- risk patients with Pgp expression (Pgp+). 
Moreover, Pgp+ patients who responded poorly to in-
duction chemotherapy also received high- dose ifosfamide 
(HDIFO).

Mifamurtide is a fully synthetic lipophilic derivative 
of the muramyl dipeptide that is encapsulated into lipo-
somes. It binds to extracellular toll- like receptor 4 and 
activates monocytes and macrophages, and it promotes 
antitumor activity.11

The drug was authorized on the basis of the phase 
3 INT- 0133 trial, which showed a significant benefit of 
mifamurtide for overall survival (OS; hazard ratio, 0.71; 
95% confidence interval [CI], 0.52- 0.96; P = .03), with 
the 6- year survival rate improving from 70% to 78%.12 
However, the therapeutic benefit of mifamurtide for 
patients with nonmetastatic osteosarcoma remains con-
troversial.13 Moreover, it is unclear which patients could 
potentially benefit from mifamurtide.

In the current study, the objective was the evaluation 
of event- free survival (EFS) and OS in pediatric and AYA 
patients with nonmetastatic osteosarcoma of the extrem-
ities treated according to a risk- adapted chemotherapy 
regimen based on the expression of ABCB1/Pgp.

MATERIALS AND METHODS

Study Design and Participants
ISG/OS- 2 was an Italian, phase 2, multicenter, uncon-
trolled trial evaluating the efficacy and toxicity of risk- 
adapted chemotherapy regimens; it was conducted from 
June 2011 to March 2018. Written informed consent was 
obtained from the patients or, in the case of pediatric sub-
jects, from their guardians. The local ethics committees 
approved the protocol.

Patients’ inclusion and exclusion criteria are summa-
rized in Supporting Table 1 and included the following: 
a diagnosis of primary, central, high- grade osteosarcoma 
of the extremity (ie, grade 3 or 4 according to Broders14); 
an age ≤ 40 years; no prior surgery or chemotherapy for 
osteosarcoma; and no organ dysfunction (normal hepatic, 
renal, bone marrow, and cardiac function). The main ex-
clusion criteria were metastatic disease at diagnosis (ie, 
lung nodules more than 1 mm were considered meta-
static), previous treatment for osteosarcoma, and medical 
contraindications (Supporting Table 1).

The assessment of Pgp was centralized at the IRCCS 
Istituto Ortopedico Rizzoli. Expression of Pgp was eval-
uated by immunohistochemistry on 4-  to 6- μm- thick 
sections obtained from paraffin- embedded tumor biop-
sies. Immunohistochemistry was performed via an avidin- 
biotin peroxidase complex method (Vectastain ABC kit; 
Vector Laboratories, Inc, Burlingame, California). Pgp 
immunodetection was performed with 3 monoclonal 
antibodies that react with different, mutually exclusive 
epitopes of this protein: JSB- 1 (Monosan Sanbio, Uden, 
the Netherlands), MRK16 (MyBioSource Aurogene Srl, 
Roma, Italy), and C494 (Invitrogen, Ltd, Paisley, United 
Kingdom), as previously described.7 For each specimen, 
both negative and positive controls for immunostaining 
were performed. Negative controls were performed by 
replacement of the primary antibody with normal horse 
serum. As positive controls, sections of human normal 
kidney were used because of their physiological overex-
pression of Pgp in proximal tubuli. In addition, a positive 
control for the antigenicity of the tumor specimen was 
performed by incubating 1 tumor section with the V9 
anti- vimentin monoclonal antibody (Dako Agilent, Santa 
Clara, California). A semiquantitative scoring system was 
used (Supporting Fig. 1).

Interventions
The chemotherapy protocol is outlined in Figure 1. 
Neoadjuvant chemotherapy consisted of 2 cycles of MAP 
for all patients enrolled in the study. After removal of the 
primary tumor, surgical margins were assessed according 
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to Enneking et al,15 and chemotherapy- induced necrosis 
was expressed as a percentage. When the percentage of 
tumor necrosis was 90% or higher, patients were classi-
fied as good responders; when the percentage of tumor 
necrosis was less than 90%, patients were defined as poor 
responders.

Postoperatively, Pgp–  patients continued the 3- drug 
treatment (MAP) for a total duration of 27 weeks. Pgp+ 
patients received mifamurtide (2 mg/m2 twice per week 
for 3 months and then weekly for 6 months up to a total 
of 48 administrations as per the approved drug data sheet) 
in the postoperative phase. For this group, in the case of 
a good histologic response (tumor necrosis ≥ 90%), post-
operative chemotherapy consisted of MAP and mifamur-
tide for a total duration of 48 weeks. For Pgp+ patients 
with a poor histologic response (tumor necrosis < 90%), 
the postoperative treatment was completely modified: 
after 1 cycle of doxorubicin at 90 mg/m2, the patients 
received 4 consecutive cycles of HDIFO (3 g/m2/d, days 
1- 5, continuous infusion) and mifamurtide for a total 
duration of 48 weeks. In February 2013, based on the 
results of a previous prospective observational study,16 an 
amendment increased the total number of methotrexate 

cycles from 5 to 10 (all additional cycles delivered postop-
eratively) for a total of 34 weeks.

The primary tumor was evaluated on plain radio-
graphs, computed tomography (CT) scans, and/or mag-
netic resonance imaging (MRI) scans.

Baseline studies included CT or MRI of the primary 
tumor with contrast media, complete blood count and 
blood chemistry tests, serum electrolytes, serum alkaline 
phosphatase and lactate dehydrogenase levels, biliru-
bin and aminotransferase levels, creatinine clearance in 
24- hour urine, and echocardiography with the ejection 
fraction.

Screening for metastases was performed with chest 
CT scanning and 18F- fludeoxyglucose– positron emission 
tomography/CT or Tc99 bone scintigraphy.

Eligible patients underwent primary chemotherapy. 
Before surgery, CT and/or MRI of the primary tumor and 
CT of the chest were repeated.

At the end of chemotherapy treatment, an x- ray of 
the operated limb and a chest CT scan were performed, 
and then clinical and radiological follow- up was started 
as follows: a chest CT scan every 3 months for 1 year, 
every 4 months during the second and third years, and 

Figure 1. Chemotherapy and mifamurtide schedule and doses by Pgp expression. Pgp indicates P- glycoprotein.
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subsequently every 6 months until the fifth year and 
yearly until 10 years.

If for any reason the expression of Pgp could not be 
evaluated, the patient was treated according to the ISG/
OS/Oss study.

Data collection was performed through an electronic 
case report form by the ISG (www.isg- area- riser vata.org/dh/).

Toxicity data were analyzed and graded according to 
the Common Toxicity Criteria for Adverse Events (ver-
sion 4.0).17

Outcomes
The primary outcome was the EFS calculated until re-
currence (local or distant), death from all causes, the 
appearance of secondary tumors, or the last follow- up 
examination. The time- to- event outcome was estimated 
after definitive surgery for the Pgp+ patients (event- free 
survival after definitive surgery [EFS- DS]) and from the 
time to the first day of chemotherapy for Pgp–  patients 
(EFS). The secondary outcome was the OS calculated 
from the time to the first day of chemotherapy to the date 
of death or to the date of the last follow- up examination.

Sample Size Considerations
On the basis of previous ISG protocols, an annual en-
rollment of 45 patients per year was expected, with an 
expected study duration of 5 years of enrollment and 2 
years of observation from last patient enrollment, for a 
total of 225 patients.

On the basis of data from previous studies, the per-
centage of patients with Pgp overexpression was estimated 
to be between 40% and 50% (18- 23 patients per year).7

The population overexpressing Pgp represents a 
poor- prognosis population.7 Under the assumption of a 
5- year EFS probability of 40%, a sample of 96 patients 
with Pgp overexpression had 95% power to detect a 20% 
increase in 5- year EFS with a 1- sided α error of 5%.18 
Because of the amendment, which increased the number 
of cycles of methotrexate (from 5 to 10 for a total of 34 
weeks), the study duration was increased by 18 months to 
ensure the planned sample size for the cohort of patients 
overexpressing Pgp and treated with the postamendment 
regimen.

Statistical Analysis
The relationship between Pgp expression and histologic 
response was assessed with the Fisher exact test and rela-
tive risks with 95% CIs. Time- to- event outcomes (EFS 
and OS) along with 90% CIs were estimated with the 
Kaplan- Meier method. The median follow- up was 

calculated with the reverse Kaplan- Meier estimator. The 
postamendment risk- adapted chemotherapy regimen was 
considered effective in the Pgp- overexpressed population 
if the lower bound of the 90% CI of the 5- year EFS ex-
cluded the null hypothesis of 40%.

Toxicities were summarized in each cohort de-
fined by Pgp expression as frequencies. Moreover, 
methotrexate- related toxicity was compared between 
children (younger than 18 years) and adults (18- 40 
years old) by a logistic regression model using the gener-
alized estimating equations approach and the exchange-
able correlation matrix. For all the analyses, a P value 
< .05 was considered statistically significant. Statistical 
analyses were performed with SAS 9.4 (SAS Institute, 
Inc, Cary, North Carolina).

RESULTS
Two hundred seventy- nine patients were treated from 
June 2011 to March 2018. Pgp was not evaluable for 
15 patients, and 70 patients were recruited before the 
amendment. Overall, 194 patients were included in the 
postamendment analysis: 64% were Pgp+, and 36% were 
Pgp–  (Fig. 2).

Clinical characteristics are reported in Table 1. The 
median age was 14 years (range, 4- 38 years); 146 patients 
(75%) were pediatric (younger than 18 years). All cases 
had a diagnosis of high- grade osteosarcoma: 44 were 
grade 3 (23%), and 150 (77%) were grade 4. Alkaline 
phosphatase at diagnosis was available in 177 cases: it was 
above the normal range (high) in 54 (28%) and within 
the normal range (low) in 123 (63%).

All patients underwent surgery: resection in 184 
patients (95%), amputation in 9 cases (5%), and rota-
tionplasty in 1 patient (0.5%). Margins were adequate 
(wide or radical) in 190 cases (98%), marginal in 3 cases 
(1.5%), and contaminated in 1 case (0.5%).

The histologic response was good in 90 patients 
(46%) and poor in 104 patients (54%). Pgp expression 
did not have a statistically significant prognostic value for 
the histologic response to induction chemotherapy: 48% 
were good responders among patients with positive Pgp, 
and 44% were good responders among patients with neg-
ative Pgp (relative risk, 1.1; 95% CI, 0.8- 1.4; P = .76).

Outcomes
EFS

The median follow- up time for patients with Pgp ex-
pression was 51 months (interquartile range, 36- 65 
months). The EFS estimates are reported in Table 2 and 
Figure 3A,C,E. The 5- year EFS- DS rate among Pgp+  
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patients was 69.8% (90% CI, 62.2%- 76.2%). Two pa-
tients experienced progression before surgery and were 
not included in the EFS analysis stratified by necrosis. 
The 5- year EFS- DS rate among good responders were 
83.7% (90% CI, 73.3%- 90.2%), whereas among poor 
responders, it was 59.8% (90% CI, 48.6%- 69.3%). The 
5- year EFS rate for patients without overexpression of 
Pgp was 66.4% (90% CI, 55.6%- 75.1%).

OS

During the follow- up, 31 patients (16%) died. The OS 
estimates are reported in Table 2 and Figure 3B,D,F. 
Among patients who overexpressed Pgp, the 5- year OS 
rate was 81.2% (90% CI, 73.4%- 87.0%). As for necro-
sis after surgery, the 5- year OS rate for good responders 
was 88.5% (90% CI, 76.3%- 94.6%), whereas for poor 
responders, it was 74.4% (90% CI, 62.7%- 82.9%). The 
5- year OS rate for patients without overexpression of Pgp 
was 79.4% (90% CI, 67.8%- 87.2%).

Toxicity

One hundred ninety- two patients were evaluable for the 
safety analysis. Grade 3 or higher toxicities are reported in 
Table 3, whereas details concerning any grades are reported 
in the supporting tables (Supporting Tables 2 and 3).  
Most of the patients (93%) experienced higher grade 
neutropenia, which was associated with septic death in 1 
Pgp+ patient treated with a high dose of ifosfamide.

One hundred twenty patients (63%) experienced at 
least 1 episode of febrile neutropenia. Grade 3 or 4 ane-
mia in 113 patients (59%) and thrombocytopenia in 136 

Figure 2. Study profile. GR indicates good responder; Pgp, P- glycoprotein; PR, poor responder.

TABLE 1. Demography at Presentation and Local 
Treatment for Patients Treated According to the 
ISG/OS- 2 Trial

ISG/OS- 2 Population

All  
(n = 194)

Pgp+  
(n = 124)

Pgp–   
(n = 70)

Age, median (range), 
y

14 (4- 38) 13 (5- 33) 15.5 (4- 38)

Age group, No. (%)
<18 y 146 (75) 100 (81) 46 (66)
18- 40 y 48 (25) 24 (19) 24 (34)

Gender, No. (%)
Male 122 (63) 75 (60) 47 (67)
Female 72 (37) 49 (40) 23 (33)

Serum ALP, No. (%)
High 54 (28) 31 (25) 23 (33)
Normal 123 (63) 85 (69) 38 (54)
Unknown 17 (19) 8 (6) 9 (13)

LDH, No. (%)
High 47 (24) 28 (23) 19 (27)
Normal 132 (68) 85 (68) 47 (67)
Unknown 15 (8) 11 (9) 4 (6)

Grade, No. (%)
3 44 (23) 19 (15) 25 (36)
4 150 (77) 105 (85) 45 (64)

Surgery, No. (%)
Resection 184 (95) 118 (95) 66 (94)
Amputation 9 (5) 6 (5) 3 (4)
Rotationplasty 1 (0) 0 1 (1)

Margin, No. (%)
Adequate 190 (98) 123 (99) 67 (96)
Inadequate 4 (2) 1 (1) 3 (4)

Abbreviations: ALP, alkaline phosphatase; ISG, Italian Sarcoma Group; LDH, 
lactate dehydrogenase; Pgp, P- glycoprotein.

TABLE 2. EFS- DS, EFS, and OS in Patients With 
Nonmetastatic Extremity Osteosarcoma Treated in 
the ISG/OS- 2 Trial

5- y EFS- DS, %  
(90% CI)

5- y OS, % 
(90% CI)

Pgp+ 69.8 (62.2- 76.2) 81.2 (73.4- 87.0)
Necrosis < 90% (PRs) 59.8 (48.6- 69.3) 74.4 (62.7- 82.9)
Necrosis ≥ 90% (GRs) 83.7 (73.3- 90.2) 88.5 (76.3- 94.6)

5- y EFS (90% CI) 5- y OS (90% CI)
Pgp– 66.4 (55.6- 75.1) 79.4 (67.8- 87.2)

Abbreviations: CI, confidence interval; EFS, event- free survival; EFS- DS, 
event- free survival after definitive surgery; ISG, Italian Sarcoma Group; 
GR, good responder; OS, overall survival; Pgp, P- glycoprotein; PR, poor 
responder.
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Figure 3. (A) EFS among Pgp+ patients. (B) OS among Pgp+ patients. (C) EFS among Pgp+ patients according to necrosis. (D) OS 
among Pgp+ patients according to necrosis. (E) EFS among Pgp–  patients. (F) OS among Pgp–  patients. EFS indicates event- free 
survival; GR, good responder; OS, overall survival; Pgp, P- glycoprotein; PR, poor responder.
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patients (71%) were reported. Overall, 113 (59%) and 
75 (39%) of the cases required red blood cell and platelet 
transfusions, respectively (Supporting Table 4).

Grade 3 or 4 peripheral neurological toxicities were 
described in 3 patients (2%), and central neuropathy was 
described in 2 patients: 1 after methotrexate and 1 after 
HDIFO. In both cases with central neuropathy, symp-
toms resolved after chemotherapy interruption, hydra-
tion, diuretics, and methylene blue.

The analysis of methotrexate- related toxicity was 
performed on the total number of administrated cycles. 
Delayed methotrexate elimination was recorded for 218 
of 1152 methotrexate cycles (19%), with no differences 
found between pediatric and adult patients (18.7% for 
<18 years vs 19.8% for 18- 40 years; P = .778). In 30 of 
1152 cases of delayed methotrexate elimination (2.6%), 
a creatinine increase was reported (Supporting Table 5).

Delayed methotrexate elimination was associated 
with a grade 3 or 4 aspartate aminotransferase increase 
in 31% of cycles and with a grade 3 or 4 alanine amino-
transferase increase in 50% of cycles (Supporting Table 6). 
Hypertransaminemia was more frequent in children than 
adults (aspartate aminotransferase, 37.7% for <18 years vs 
11.8% for 18- 40 years; P = .034; alanine aminotransferase, 
58.7% for <18 years vs 21.6% for 18- 40 years; P = .0060).

DISCUSSION
This is the first prospective study of osteosarcoma using a 
risk- adapted strategy based on a prognostic factor. Pgp has 
been associated with poor survival for patients with osteo-
sarcoma in several studies.19- 22 This has been attributed 
to both Pgp- mediated drug efflux through the plasma 

membrane and increased Pgp- mediated drug trapping 
within lysosomal drug “safe houses.”23 Some controversy 
exists about the role of immunohistochemical expression 
of Pgp in patients with osteosarcoma,7,9,19 and differences 
in methodology for the immunohistochemical detection 
of Pgp might jeopardize the interpretation of results. Pgp 
assessment was centralized in the current study to avoid 
this bias.

In comparison with previous osteosarcoma co-
horts,7,9 Pgp overexpression was more frequent (58%) in 
the current trial, and this resulted in an overaccrual of 
29% with respect to the original design. As in other stud-
ies, there were no differences in the histologic response to 
induction chemotherapy between Pgp+ and Pgp–  cases.7

In this study, all patients received MAP for induction 
chemotherapy, but patients with Pgp expression received 
adjuvant mifamurtide. Moreover, for Pgp+ patients with 
a poor response to the preoperative treatment, mifamur-
tide was combined with 4 consecutive cycles of HDIFO. 
The group of Pgp+ cases had superior EFS in comparison 
with previous reports.7,8

In addition, the 5- year EFS rate of the current se-
ries, 69.8% (90% CI, 62.2%- 76.2%), was superior to the 
most favorable hypotheses of the historical cohorts (upper 
95% CI, 49.9%7 and 61.1%8).

Interestingly, the chemotherapy doses in the trial 
published in 2006 (ISG/SSG1) were similar to those in 
the current trial: methotrexate at 12 g/m2, doxorubicin at 
75 mg/m2 preoperatively, and doxorubicin at 90 mg/m2 
postoperatively.

Furthermore, in the subgroup of Pgp+ patients with 
a poor histologic response (<90% necrosis) to induction 
chemotherapy, the 5- year EFS rate was 59.8%, which 
was better than the 5- year EFS in the studies by Serra 
et al.7,8 This finding needs to be confirmed by further 
investigations.

The major limitation of this clinical trial was the lack 
of a control group due to inherent difficulties in running 
a randomized trial in the adjuvant setting of a rare disease. 
Nonetheless, compared with the 5- year EFS for Pgp+ 
patients in previous trials by Serra et al,7,8 superior EFS 
was demonstrated with the current approach. However, 
we cannot completely rule out that different cumulative 
doses of methotrexate among trials might have affected 
outcomes.

In this study, the histologic response to induction 
chemotherapy remained a strong prognostic predictor 
within the Pgp+ group.

The results of this clinical trial showed improved sur-
vival in comparison with previous ISG studies19 for the 

TABLE 3. High- Grade (≥3) Bone Marrow and Organ 
Toxicities During ISG/OS- 2 Treatment in Patients 
With Nonmetastatic Extremity Osteosarcoma

Pgp+  
(n = 122), 
No. (%)

Pgp–   
(n = 70), 
No. (%)

Overall  
(n = 192),  
No. (%)

Leucopenia 107 (88) 63 (90) 170 (89)
Neutropenia 113 (93) 66 (94) 179 (93)
Thrombocytopenia 88 (72) 48 (69) 136 (71)
Anemia 70 (57) 43 (61) 113 (59)
Creatinine 1 (1) 1 (1) 2 (1)
AST 72 (59) 32 (46) 104 (54)
ALT 96 (79) 51 (73) 147 (77)
Central neuropathy 1 (1) 1 (1) 2 (1)
Peripheral neuropathy 1 (1) 2 (3) 3 (2)
Mucositis 18 (15) 15 (21) 33 (17)
Neutropenic fever 73 (60) 47 (67) 120 (63)
Cardiotoxicity 3 (2) 4 (6) 7 (4)
Multiorgan failure 1 (1) 0 (0) 1 (0)

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotrans-
ferase; ISG, Italian Sarcoma Group; Pgp, P- glycoprotein.
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group of Pgp+ patients. The impact on EFS of ifosfamide, 
which was added in the case of Pgp positivity and a poor re-
sponse to preoperative chemotherapy, remains unknown, 
nor is it clear whether the interaction with mifamurtide 
was synergic. The European and American Osteosarcoma 
Study (EURAMOS) study has shown that ifosfamide at 
2.8 g/m2, combined with etoposide at 100 mg/m2 per 
day, on days 1 to 5 does not improve survival, increases 
toxicity, and might not be considered as a salvage therapy 
for high- risk patients. Compared with the EFS of patients 
with localized osteosarcoma in the EURAMOS trial,24,25 
EFS in our study was similar for both poor and good re-
sponders who were Pgp+. Furthermore, the incidence of 
central or peripheral neuropathy was rare and no different 
among patients undergoing MAP only (Pgp– ), MAP and 
mifamurtide, or MAP, HDIFO, and mifamurtide.

Because the most important survival benefit in 
this study was obtained for Pgp+ patients with a poor 
response to induction chemotherapy who were treated 
with both mifamurtide and HDIFO, a positive in-
teraction between these drugs could be hypothesized, 
and this combination might be proposed as a salvage 
treatment for unresponsive patients with osteosarcoma. 
One study from the Children’s Oncology Group (INT- 
0133), using a randomized 2- by- 2 factorial design and 
including patients younger than 30 years with localized 
osteosarcoma, already hypothesized this interaction. 
The group’s study assigned patients to 4 regimens, in-
cluding 2 arms with mifamurtide given from diagnosis. 
This study reported a 3- year EFS rate of 68% in the 
group that received a combination of mifamurtide and 
MAP (with methotrexate up to 20 g/m2 per cycle) and 
a rate of 78% for those who received mifamurtide com-
bined with MAP and ifosfamide (9 g/m2 per cycle). In 
a follow- up study,12 mifamurtide was associated with 
an OS benefit and a positive EFS trend. On the basis 
of these results, an interaction with ifosfamide was hy-
pothesized, but concerns about whether INT- 0133’s 
results met generally accepted standards for practice- 
changing conclusions were raised.25

Some studies have addressed the question whether or 
not high- dose methotrexate is essential for adequate treat-
ment of osteosarcoma, and it is now well established that 
outcomes are improved with methotrexate used at high 
doses (12 g/m2).26 Nonetheless, this treatment should be 
performed at specialized tertiary centers because of the 
risk of nephrotoxicity, which increases with age.27 For 
this reason, methotrexate use has been limited to patients 
younger than 25 years in other osteosarcoma trials.28 The 
current study has confirmed that methotrexate at 12 g/m2  

is safe in pediatric and AYA patients with high- grade os-
teosarcoma. We did not find differences in the delayed 
elimination of methotrexate and creatinine increases be-
tween pediatric and adult patients. Unexpectedly, this 
trial showed a clear survival benefit when 10 methotrex-
ate cycles were administered instead of 5 cycles. It might 
be hypothesized that the cumulative dose of methotrexate 
is important in the setting of adjuvant chemotherapy for 
osteosarcoma.

In conclusion, this is a prospective, risk- adapted, 
uncontrolled trial of the adjuvant treatment of pediat-
ric and AYA patients with high- grade localized osteo-
sarcoma of the extremities stratified according to Pgp 
expression.

We showed improved EFS in comparison with his-
torical data for patients overexpressing Pgp and treated 
with risk- adapted postoperative chemotherapy and adju-
vant mifamurtide.

Key findings from this study are the importance of 
the cumulative dose of methotrexate and the potential 
role of HDIFO combined with mifamurtide as a salvage 
treatment for cases with an inadequate histologic response 
to induction chemotherapy.

These results might pave the path for future treat-
ment strategies in select high- risk osteosarcoma groups. 
No specific indications on the generalized use of mifam-
urtide should be derived from the current study.
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