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Purpose: Conventional osteosarcoma is an orphan disease. Current treatment approaches include com-
bining a three drug chemotherapy schedule and surgery. The 3- and 5-year event-free survival (EFS) in
localized disease is roughly 65 and 60%, respectively. The registration study of mifamurtide reported sur-
vival benefit, but some methodological controversies have been insufficient for FDA market authorization
in contrast to EMA.

Methods: prospective single centre survival analysis of a mifamurtide addition to conventional therapy in

Ié?t’:g;;d:c:oma 23 patients over a 5.5 year enrolment period is reported and compared to a historical control of 26 patient
Mifamurtide with localized disease. Bias arising from observational methodology was addressed using Landmark anal-
Survival ysis and time-dependent Cox models. Blood count dynamics were analysed during the treatment.

Results: The adverse event profile was as expected with no dose limiting toxicities. There were no local
relapses observed, one patient died in the first complete remission due to doxorubicin cardiotoxicity, one
patient had pulmonary metastatic relapse. The observed 3- and 5-year EFS was 87.4% (CI 72.4-100%) and
87.4% (Cl 72.4-100%), progression free survival (PFS) was 92.9% (CI 80.3-100%) and 92.9% (CI 80.3-100%),
overall survival was 94.1% (CI 83.6-100) and 80.7% (CI 58.3-100), respectively. Comparison to the histor-
ical control showed statistically significant better PFS for mifamurtide patients (Landmark analysis;
p = 0.044). Risk of progression was 5-times lower for the mifamurtide group (Cox model; HR 0.21,
p = 0.136). Only subtle differences in lymphocyte counts were observed across treatment.
Conclusion: the PFS benefit of mifamurtide is reported herein. The addition of mifamurtide could be con-
sidered as a best treatment option for localized osteosarcoma.
© 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Single institution analysis
Comparative analysis

Abbreviations: AJAP, adriamycin (doxorubicin)/adriamycin (doxorubicin) and 1. Introduction

cisplatin; AIC, Akaike information criterion; BIC, Bayesian information criterion; CI,
confidence interval; CTCAE, common terminology criteria for adverse events; EFS,
event free survival; EMA, European Medicines Agency; FDA, Food and Drug

Osteosarcoma is the most common malignant mesenchymal
tumour of the bone in paediatric and adolescent populations. It

Administration; HR, hazard ratio; LY, lymphocytes; NEU, neutrophiles; M/F, male/
female; MFS, metastatic free survival; MONO, monocytes; MTX, methotrexate; PFS,
progression free survival; PLT, platelets; RO and R1 resection, free margins and
microscopic rest after resection respectively; SD, standard deviation.
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can arise from any bone, but most often the localization of the
tumour’s origin is in the metaphyseal area of the long bones. From
a histological point of view, osteosarcoma can be subdivided into
high grade forms, such as conventional, telangiectatic, chondrob-
lastic and rare small cell subtype and into more indolent forms like
parosteal or periosteal osteosarcoma. The incidence of osteosar-
coma is 4.0 (3.5-4.6) for the range 0-14 years and 5.0 (4.6-5.6)
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for the range 0-19 years per year per million persons and it varies
with age [1].

The clinical presentation of osteosarcoma is predominantly
pain in the affected area which initially appears after physical
activities and afterwards typically during sleep in “ON/OFF”
mode. Up to 20% of patients are diagnosed with apparent meta-
static disease (lungs, bones), but the majority of patients are
diagnosed with a localized disease. Despite that, the majority
of them already have microscopic metastases at the time of
the diagnosis [2].

Total resection of clinically detectable tumours is a mainstay of
long-term survival, even if the treatment approach for this disease
needs to be multimodal. Relapse-free survival rates of localized
extremity tumours are still approximately 15-17% in the case of
surgical treatment only. A combination of surgery with intensive
neoadjuvant and adjuvant multiagent chemotherapy controls the
microscopic metastatic disease. The 3- and 5-year event-free sur-
vival (EFS) and overall —survival (0S) in localized disease is roughly
65 and 60%, 84 and 76%, respectively [11]. Nevertheless, in cases of
apparent metastatic disease, for local progression or nonresectable
primary tumours the success rate is still very poor with less than
20% survival five years after diagnosis [3]. Since the 1970’s to the
present only four chemotherapeutic agents have been routinely
used in systemic therapy. The backbone of conventional
chemotherapy treatment comprises of doxorubicin, cisplatine
and methotrexate. An alkylation agent, ifosfamide, is also effective
in the treatment of osteosarcoma but the addition of ifosfamide to
other agents was too toxic and did not improve treatment results.
No new chemotherapy agents with proven efficacy have been
added to the standard chemotherapy regimen so far and overall
survival rates are stagnating. Thus, the treatment strategy for
locoregional disease is still based on former schedules. Other addi-
tional and experimental treatments in metastatic or progressive
disease also consist of targeting the bone microenvironment (bis-
fosfonates), tyrosine kinase receptors (e.g. sorafenib, pazopanib),
intracellular signalling molecules (dasatinib) and of unspecific
immune therapy (interferon).

Mifamurtide (Mepact) is synthetic lipophilic analogue of mura-
myl dipeptide, peptidoglycan contained in the bacterial wall,
which can activate the innate immune system. Its tumoricidal
effect on microscopic metastases is probably caused by the stimu-
lation of monocytes and macrophages associated with an increas-
ing level of proinflammatory cytokines. The rationale behind the
use of mifamurtide in osteosarcoma treatment is to mimic a kind
of infection that can help to eradicate residual micrometastases,
which are not eliminated by systemic chemotherapy [2]. The view
of the clinical community on the regular administration of mifa-
murtide with standard adjuvant chemotherapy is still not
endorsed despite a registration study which showed the benefit
of mifamurtide addition to adjuvant chemotherapy and signifi-
cantly improved 6-year overall survival from 70% to 78%, event free
survival was 61% [4].

2. Patients and methods

A comparative analysis was made of patients with localized
osteosarcoma treated with or without an adjuvant mifamurtide
regimen as a part of routine standard treatment. Patients or their
legal guardians signed an informed consent about data handling
for research purposes and analyses. Consecutive patients diag-
nosed between 2012 and 2018 and who received mifamurtide dur-
ing adjuvant chemotherapy made up the mifamurtide group.
Similarly, consecutive patients with localized disease diagnosed
between 2004 and 2014 without mifamurtide as a part of adjuvant
treatment made up the historical control group.
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Mifamurtide was initiated during adjuvant treatment and
administrated intravenously as a 1-hour infusion at a dose of
2 mg/m2 (maximum 4 mg single dose) according to the summary
of product characteristics (SPC). Mifamurtide was administered
twice weekly for 12 weeks followed by an additional 24 weeks of
once weekly or until follow-up if not finished yet. This resulted
in a maximum of 48 planned doses over a total of 36 weeks. Parac-
etamol 500-1000 mg as premedication was administered.

This report was approved by the institutional review board.

2.1. Statistical analysis

The outcome of the patients was analysed using survival analy-
sis. Native, observational data-based Kaplan-Meier curves and esti-
mates for 3- and 5-year survivals are given for descriptive
purposes. In order to account for possible immortal time bias,
Landmark [5] and time-dependent Cox models [6] analysis was
used for comparison between the control and mifamurtide group.
Both methods are described in the respective papers. Briefly, Land-
mark analysis uses an instrumental time point at which patients
are divided into the treatment groups based on receiving time-
dependent treatment at that time. Simply said it renders a quasi
randomization effect at that time with respect to immortal time
bias. On the other hand, time-dependent Cox models handle peri-
ods on and off treatment separately by correctly creating a risk
table.

The possible effect of mifamurtide on blood element counts was
evaluated in longitudinal analysis using linear mixed-effect models
[7]. All blood count data, available from archives, were merged to
the patient data set, so that profiles of neutrophils (NEU), mono-
cytes (MONO), lymphocytes (LY) and platelets (PLT) could be cre-
ated for each patient and chemotherapy cycle. In order to make
the analysis comparable within protocol cycles, periods with out-
of-protocol treatment switches were excluded and only per-
protocol cycles (A/AP & MTX) were considered. First, absolute
counts of blood cell data were logarithmically transformed, and
analyses were performed on the transformed data. Second, in order
to capture the dynamics of the data and to handle the nonlinearity
while enabling plasticity in the models, a spline or interval square
linear mixed model with 4 knots every 7 days was fitted. Due to
possible delays in subsequent cycles, data in the models were fol-
lowed up to 5 weeks after the start of each chemotherapy cycle. All
time- and time-squared terms and their first-order interactions
with cycle type were included in this base model. Random effects
for each patient within a specific week of the cycle were consid-
ered. These nested random effects enabled the possible bias arising
from the time factor due to long time period of the whole treat-
ment to be accounted for. Effect of mifamurtide was then analysed
in the above base model. The biological behaviour of the data,
hypothesis questions and AIC and BIC criteria were considered
when model building. Final models with the types of chemother-
apy cycle and mifamurtide were presented using spaghetti (case-
profile) plots with model group means plotted.

Analyses were done using survival [8] and nlme [9] packages in
R software 3.5.3 [10].

3. Results

A total of 23 patients in the mifamurtide group and 26 patients
in the control group were analyzed. Two patients in the mifamur-
tide group received adjuvant mifamurtide as late as during the
treatment of their first relapse. These patients were also included
in the control group as their paired controls without mifamurtide
during the primary treatment. There were two patients enrolled
in an overlapped period. One patient in the control group from
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2014 was in an outside hospital with periosteal osteosarcoma of
the femur with a pathological fracture and was initially treated
with chemotherapy and surgery and achieved complete remission.
Later he had a locoregional relapse and was treated with surgery
and adjuvant mifamurtide in 2018. Another patient diagnosed in
year 2012 had periosteal osteosarcoma which was not indicated
for mifamurtide.

Summary characteristics of the analysed groups are given in
Table 1.

Only one out of six poor responders in the mifamurtide group
later died of progressive metastatic disease.

Some known side effects were observed during administration
of mifamurtide. These were fever and chills in the majority of
patients. One of the patients had myalgia/lumbalgia after the first
dose of mifamurtide and another one had nausea and vomiting
repeated several times. The relevance of adverse events was pre-
dominantly grade I or grade II (according to CTCAE v3.0) and all
of them were successfully resolved after symptomatic medication.
In general, most of the patients tolerated administration of mifa-
murtide really well. No patients required discontinuation of mifa-
murtide because of side effects and no major departures from the
scheduled plan of administration were observed.

With a median follow-up period of 42.7 months in the mifamur-
tide group, 21 out of 23 patients are alive and in complete remission.
One patient died of heart failure during a secondary myelodysplastic
syndrome, one patient had metastatic progression to the lung and
died eventually. None of the patients had loco-regional progression.
The observed event free survival at 3 years was 87.4% (ClI 72.4-
100%), overall survival at 3 years was 94.1% (CI 83.6-100%), progres-
sion free survival at 3 years was 92.9% (CI 80.3-100%). These and 5-
year survival estimates are shown in Table 2 and Fig. 1. Landmark
analysis is shown in Fig. 2. The time point at twenty-two weeks after
initiating chemotherapy was selected as the separation point
because most (>85%) patient indicated for mifamurtide were
already on the treatment and only 2 patients had to be excluded
due to experiencing an event before that time point. Significantly
better progression-free survival (log-rank test, p = 0.044) was iden-
tified between the control and mifamurtide group. Results from a
time-dependent Cox model are summarized in Table 3. The risk of
progression is 5-times lower in patients on mifamurtide than in con-
trols (HR 0.21, p = 0.136). Neither event- nor over-all survival had a
statistically significant difference between the two groups in either
of the bias-adjusted models.

For the analysis of blood count dynamics, 19 patients from the
mifamurtide and 23 patients from the control group with a total of
1492 and 1413, respectively, blood count data were available.
Based on plotted data and fitted models (Fig. 3), different dynamics
of the blood cells could be seen with a profound nadir of neu-
trophils, monocytes and platelets after A/AP compared to MTX
cycles. The difference in the dynamics of lymphocytes was not so
pronounced. Further, a nadir was observed earlier (median = 7 da
ys) for monocytes than for neutrophils or platelets (median = 14
days). Although these “base” models were not the focus of our
analysis, they helped verify the representativeness of the models
which are in good agreement with reality.

Finally, mifamurtide treatment was analysed in the above base
models a time-dependent variable. Including just the main effect of
mifamurtide did not improve the models (according to AIC and BIC
criteria) with only borderline or non-significant effects for
log10(NEU) = —0.053 (p = 0.075), log10(MONO) = —0.022 (p =
0.384), log10(LY) = —0.041 (p = 0.019) and log10(PLT) = 0.01
(p = 0.869) corresponding to lower average values of NEU or LY
by about 9-11% in the mifamurtide group as a maximum differ-
ence identified. More complex models including time interactions
with mifamurtide did not turn out to be better and were rather
indicative for overfitting.
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Table 1
Baseline and treatment summary sample characteristics.

Baseline characteristics Control Mifamurtide p
(n=26) (n=23)
Gender M/F (%) 15 (58%)/11 15 (65%)/8 0.770
(42%) (35%)
Age mean + SD 14144 13.8£43 0.824
Histology (%) ~1.0
Conventional osteoblastic 17 (65%) 15 (65%)
High-grade other 7 (27%) 7 (31%)
Periosteal 2 (8%) 1 (4%)
Site 0.653'
Femur 11 6
Tibia or fibula 5 8
Lower limb - other 2 0
Humerus 2 5
Upper limb - other 3 2
Skull/axial 3 2
Lung unspecific nodules (%) 7 (27%) 11 (48%) 0.151
surgery
Resection® RO/R1 (%) 19 (76%)/6 20 (87%)/3 0.466
(24%) (13%)
Limb* sparing/amputation (%) 20 (80%)/5 23 (100%)/0 0.051
(20%) (0%)
Good/poor response” (%) 14 (64%)/8 14 (70%)/6 0.750
(36%) (30%)
Follow-up
Median [months] 73.2 42.7
Events (progression/toxicity/  12/0/8 1/1/2
death)

p: statistical significance.
"4 or 3 patients underwent surgical resection before administration of
chemotherapy thus their histologic response was not evaluable.
f Categories were appropriately grouped to enable valid testing.
+ Surgery was not possible in one patient.

Table 2
Kaplan-Meier estimates of 3- and 5-year survivals for control and mifamurtide group.
Table shows survival estimates based on native observational data.

Event Survival Control (95% CI) Mifamurtide (95% CI)
N =26 N =23

EFS 3-year 73.1 (57.9-92.3) % 87.4 (72.4-100) %
5-year 65 (48.9-86.4) % 87.4 (72.4-100) %

PFS 3-year 73.1(57.9-92.3) % 92.9 (80.3-100) %
5-year 65 (48.9-86.4) % 92.9 (80.3-100) %

0s 3-year 80.6 (66.7-97.4) % 94.1 (83.6-100) %
5-year 76.1 (61.1-94.9) % 80.7 (58.3-100) %

4. Discussion

To the authors’ knowledge these are the best results published
for event free and progression free survival during the treatment of
locoregional osteosarcoma in a mifamurtide group. A highly expe-
rienced team of orthopaedic surgeons describes local disease con-
trol with no observed locoregional relapse while reducing rate of
amputations in the mifamurtide group. Surgery is the mainstay
of treatment for osteosarcoma. All but one patient in the control
group with a huge, unresectable tumour in the iliac bone overlap-
ping to the sacrum and lumbar vertebra underwent complete
resection and thus achieved complete remission. The surgery mar-
gins did not differ significantly between groups. the paediatric
oncologists, orthopaedic surgeons, pathologist and radiologists in
our centre have set up a multidisciplinary board with regular
meetings. All specialists discuss the disease management issues
for each patient - the timing and type of surgery and coordination
with chemotherapy or adjuvant radiotherapy - to minimize treat-
ment protocol deviations.

Recent analysis of the Euramos-1 study, which was conducted
worldwide and included 1810 patients with a localized disease,
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solid) and mifamurtide (M, dashed) using all native observational data.
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Fig. 2. Kaplan-Meier survival curves in Landmark analysis for control (C) and mifamurtide (M) group. The figure shows survival curves using the Landmark method which
handles possible immortal time bias. Log-rank test comparing control and mifamurtide group is given.

Table 3

Time dependent Cox models Table summarizes estimates of
hazard ratios with corresponding p-values from time-dependent

Cox models. Control was assumed as a reference group.

Event HR P

EFS 0.40 0.252
PFS 0.21 0.136
oS 0.57 0.489

demonstrated a 3-year and 5-year since diagnosis event free sur-
vival of 65% and 60%, and overall survival of 84% and 76%, respec-
tively [11]. This study confirmed previously reported results from
other cooperative groups or institutional series.

For evaluation of mifamurtide efficacy, it is better to consider
metastatic free survival as mifamurtide is primarily targeted at
the immunocompetent cells in the lungs. Results show that both
3-year and 5-year progression free survival is 92.9% (CI 80.3-
100%), which is equal to metastatic free survival (no local progres-
sion was observed in the mifamurtide arm). The chest CT scan of
one patient, who progressed after administration of mifamurtide,
was reviewed and she had had unspecified nodularities at diagno-
sis which later progressed and were thus confirmed as initial meta-
static disease. This patient was left in the analysis group, because
almost half of the study’s patients had similar initial findings, e.g.
unspecified lung nodularities (Table 1.). If patients with proven
non-metastatic disease are counted - e.g. those who never

progressed with initially observed unspecific nodularities - then
the PFS would be even higher.

Also one other small size study confirms the better treatment
result with mifamurtide as the 3-year overall and event free sur-
vival intervals are 87.5% and 75.6%, respectively [12].

A large French study on 126 patients reports the survival benefit
of mifamurtide as being an 18% improvement in 3-year event free
survival (52 vs.70%, HR 0.55), even worse than in this analysis and
with a small difference compared to the Euramos results without
mifamurtide [13].

For patients with metastatic disease, the published results show
a trend to longer overall and event free survival after the addition
of mifamurtide, but the phase IIl sample size was small and the
improvement did not achieve conventional statistical significance.
The results of an expanded access trial suggest a decreased risk of
subsequent recurrence and death with the inclusion of mifamur-
tide in the treatment strategy for metastatic high-risk patients
too [14].

Mifamurtide did not show any obvious effect on the dynamics
of blood count data. The only and subtle difference was identified
in lymphocyte counts. Compared to the interindividual variability,
this difference was not considered clinically important to alter
patients’ well-being. On the other hand, statistically significant
lower values of lymphocytes might be indicative for lowering some
lymphocyte populations, namely T-regulatory cells which are
known tumour microenvironment suppressors and their quantita-
tive changes reflects mifamurtide immunomodulating characteris-
tics. However, lacking flow cytometry data, this hypothesis could
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not be verified in this study. These subtle differencies were not
addressed in large study on 205 patients with metastatic and
recurrent osteosarcoma describing pharmakokinetic, pharmacody-
namic and safety of mifamurtide given as monotherapy [15]. In
this study thrombocytopenia and neutropenia were reported in
5% both which is incomparable to our results collected from
patients on combination treatment with chemotherapy.

This study has some limitations. First of all, the sample size is
small with short follow-up for patients with mifamurtide. It would
need one and half more years for robust 5-year survival estimates
to conclude that 3-year estimate survivals will be maintained. Fur-
thermore, comparative analysis with the historical control may
always suffer from enthusiastic bias due to shorter follow-up in
the latter group. Another major issue might arise from the observa-
tional nature of the study and the indication of mifamurtide in a
later period of the treatment, which is the immortal time bias. This
issue was, however, addressed using two methods - the Landmark
[5] method for non-parametric comparison and enabling visualiza-
tion, and using the time-dependent Cox model [6]. PFS did not
reach statistical significance in the later analysis, though still
showing the same trend. Small sample size, the imbalance
between the two groups in the parametric analysis, may have

influenced the results. It is thought, that the fact that EFS/OS did
not reach statistical significance was, besides the small number
of events, influenced by toxicity death in the mifamurtide group
not related to mifamurtide and OS is, in general, a more conserva-
tive measure than PFS. As all models render congruent findings, it
is concluded, that mifamurtide prolongs the time to progression.

Of note, osteosarcoma in children is a very rare disease and thus
various design and analytical issues arise due to the small sample
sizes. It is believed that observational data and comparison with
historical control, utilizing repeated measurements, using suitable
surrogates or even translational evidence, whilst being cautious of
the limitations and addressing the bias issues appropriately, may
offer beneficial support for clinical guidance in situations where
classical, large, randomized control trials are both time-
consuming and expensive.

5. Conclusion
It is concluded that a combination of chemotherapy, surgery

and mifamurtide in adjuvant setting could be a better treatment
option for young patients with osteosarcoma until novel therapies
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are defined. An experienced, multidisciplinary, advisory task board
is essential in each centre, which cares for osteosarcoma patients.
The expert team should make every effort at all times to avoid pro-
tocol deviations and keep treatment schedules as recommended.
More prospective trials or metanalyses of published experiences
is warranted to confirm the role of mifamurtide on survival benefit.
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