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ABSTRA

Purpose: The combination of gemcitabine and docetaxel is
often used to treat patients with recurrent osteosarcoma. Nab-
paclitaxel has preclinical activity against osteosarcoma and is
potentially less myelosuppressive than docetaxel. We conducted a
prospective multi-institutional phase II trial combining gemci-
tabine and nab-paclitaxel for patients aged 12 to 30 years with
recurrent osteosarcoma and measurable disease.

Patients and Methods: A Simon’s two-stage design was used
to test a 4-month progression-free survival (PFS-4) of 10% vs.
35%. Patients received nab-paclitaxel 125 mg/m? and gemcitabine
1,000 mg/m?* weekly x 3 in 4-week cycles. Immunohistochemical
analysis of archival tissue and serial assessment of circulating
tumor cells (CTC) and circulating tumor DNA (ctDNA) using
ultralow passage whole-genome sequencing were performed to
identify potential biomarkers of response.

Introduction

Osteosarcoma is the most common cancer arising in bone and
primarily affects adolescents and young adults. Standard treatment
for osteosarcoma includes surgical resection of primary tumor and
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Results: Eighteen patients received 56 total cycles (median 2,
range 1-12). Two patients (11%) experienced confirmed partial
response and six (33%) received >2 cycles. The PFS-4 was 28%
(95% confidence interval, 13%-59%). Six patients required dose
reductions and three patients were removed due to toxicities. All
18 patients had detectable CTCs and 10 had ctDNA identified. All
eight patients with MYC amplification at study entry experienced
disease progression.

Conclusions: Gemcitabine and nab-paclitaxel demonstrated
similar clinical activity and toxicity compared to previous retro-
spective reports utilizing gemcitabine and docetaxel in patients
with recurrent osteosarcoma. Serial analysis of CTC and ctDNA
was feasible in this prospective multi-institution study and pro-
vides preliminary data on the use of these assays in patients with
relapsed disease.

chemotherapy consisting of cisplatin, doxorubicin, and high-dose
methotrexate. Unfortunately, nearly half of all patients with osteo-
sarcoma relapse after initial therapy, and salvage chemotherapy
regimens have not been able to improve outcomes for patients with
recurrent unresectable tumors (1-3). Given the overall poor survival
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Translational Relevance

Secreted protein, acidic and rich in cysteine and caveolin-1
expression, is widespread in osteosarcoma and can facilitate
intracellular accumulation of nab-paclitaxel. The pharmacoki-
netics and toxicity profile of nab-paclitaxel in adult studies
suggested its combination with gemcitabine may help improve
activity and tolerability in pediatric patients with recurrent os-
teosarcoma, using a regimen established for pancreatic cancer.
We prospectively collected serial assessments of both circulating
tumor cells and ctDNA. All patients whose tumors had MYC
amplification by ctDNA analysis experienced disease progres-
sion, suggesting its role in identifying very high-risk patients.
Overall, the toxicity and activity of the combination was similar
to that in previous reports of gemcitabine and docetaxel, with no
clear advantage seen for the newer regimen. Our study dem-
onstrated the feasibility of serial blood-based monitoring of re-
lapsed patients in a multicenter clinical trial in patients with
relapsed osteosarcoma.

for patients with recurrent osteosarcoma (1, 2), more effective
therapies are clearly needed for this population.

The combination of gemcitabine and docetaxel is commonly used
to treat patients with soft tissue sarcomas (4) and has also been
studied for the treatment of recurrent osteosarcoma (5-7). A larger
retrospective study reported an objective response rate of 17% and
progression-free survival at 4 months (PFS-4) of 56% with gemci-
tabine and docetaxel (8), leading to its recommendation as a salvage
therapy in the National Comprehensive Cancer Network guidelines
(9). However, other studies of this regimen have reported less
benefit (7, 10, 11).

Nab-paclitaxel is a nanoparticle albumin-bound (nab) formu-
lation of paclitaxel with more favorable pharmacokinetic prop-
erties, less toxicity, and improved intracellular accumulation
compared to carrier-based paclitaxel (12, 13). The reduction in
toxicity allows for the administration of higher doses, resulting in
responses in preclinical models and patients whose tumors were
resistant to conventional paclitaxel (12, 14). Nab-paclitaxel has
shown single-agent activity against osteosarcoma xenografts (15)
and co-treatment with gemcitabine yielded additive benefits (16).
The combination has been used in a variety of clinical contexts
and is now standard therapy for patients with pancreatic
cancer (17).

Previous studies have identified two transport mechanisms for
nab-paclitaxel that may have relevance for the treatment of osteo-
sarcoma. Caveolin-1 (CAV-1) facilitates the passage of nab-paclitaxel
across the endothelial cell membrane and into the tumor interstitium.
The drug then enters the tumor cell via the adhesion protein Secreted
Protein, Acidic and Rich in Cysteine (SPARC), which normally
mediates the passage of albumin. In some tumor types, SPARC
expression on tumor cells or stroma correlates with the activity of
nab-paclitaxel (18, 19). SPARC expression is nearly universal in os-
teosarcoma, and its high expression is correlated with a worse prog-
nosis (20, 21). CAV-1 is also expressed in osteosarcoma, especially in
patients with metastatic disease (20). These findings suggest the pos-
sibility that expression of one or both proteins may be correlated with
the activity of nab-paclitaxel in osteosarcoma, and given the prior
experience of combining taxanes with gemcitabine for recurrent
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osteosarcoma, provided the rationale for a clinical trial of these agents
using a previously established regimen.

One feature of osteosarcoma tumors is their tendency to calcify
even when responding to therapy, with no change in measurable
size. This can make the assessment of tumor response challenging
when using conventional radiological response criteria such as
Response Evaluation Criteria in Solid Tumors (RECIST) version
1.1 (22). Furthermore, tissue biopsies at recurrence are not rou-
tinely performed, making investigations into mechanisms of
treatment resistance and recurrence difficult. There remains an
unmet need for predictive biomarkers in bone sarcomas to guide
patient selection and assess response to therapy. “Liquid biopsies,”
such as circulating tumor cells (CTC) or circulating tumor DNA
(ctDNA) in peripheral blood, have been increasingly used as an
alternative to tumor biopsies to identify and track disease char-
acteristics (23-26). These liquid biopsies can be repeated at mul-
tiple time points during and after treatment to monitor disease
burden, tumor heterogeneity, genomic complexity, and evolution
throughout treatment (27). In osteosarcoma, there have been
several studies that report using next-generation sequencing
(NGS)-based platforms to detect ctDNA, including the use of
ultralow passage whole-genome sequencing (ULP-WGS) to detect
ctDNA, and identify copy number alterations (CNA) within the
tumor (27-30). The detection of CTCs has also been reported
based on a variety of techniques (31-34). However, the feasibility
and utility of using sequential liquid biopsy monitoring of patients
with relapsed osteosarcoma undergoing uniform treatment and
imaging evaluations on a multi-institutional trial has not yet been
reported.

We therefore designed a phase II trial to study the combination of
gemcitabine and nab-paclitaxel in pediatric soft tissue and bone
sarcomas, utilizing the same dose and administration schedule as
approved for pancreatic cancer. The results of the Ewing sarcoma
cohort were recently published (35), and the study is ongoing for
patients with recurrent rhabdomyosarcoma (NCT02945800). We
herein report the results for the osteosarcoma cohort, including
correlative studies that included assessment of potential biomarkers
of chemosensitivity as well as sequential data for CTC and ctDNA
while on therapy.

Patients and Methods

Patient eligibility

Patients aged 12 to 30 years with relapsed or refractory osteo-
sarcoma treated at participating institutions of the National Pedi-
atric Cancer Foundation were included. Patients were required to
have measurable disease using RECIST v1.1 (22). Other inclusion
criteria were a Karnofsky or Lansky score > 60, recovery from prior
therapy as defined by >3 weeks since myelosuppressive therapy, >7 days
since filgrastim and >14 days since pegfilgrastim, >7 days since bio-
logical agent, >3 half-lives for monoclonal antibodies, >2 weeks
since completion of local palliative radiation, >3 months if prior 50%
pelvic irradiation, and >6 weeks for other substantial marrow irra-
diation. Adequate bone marrow function (absolute neutrophil
count >1,000/uL and platelet count >100,000/uL), normal serum
creatinine or a creatinine clearance =60 mL/minute/1.73 m” for
patients with creatinine levels above normal, and bilirubin/aspartate
aminotransferase (AST)/alanine aminotransferase (ALT) < 2.5x
upper limit of normal were necessary. Pregnant women, patients
with medical or social situations that would limit compliance with
study requirements and anyone with >grade 1 neuropathy were
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excluded. A summary of representativeness of study participants is
listed in Supplementary Table S1. The protocol was approved by the
Institutional Review Board for each participating institution, and
written informed consent and assent (as appropriate) were obtained
according to the local institutional guidelines. The study adhered to
key ethical guidelines including the Declaration of Helsinki, Council
for International Organizations of Medical Sciences (CIOMS)
Guidelines, and Belmont report.

Drug administration

Both nab-paclitaxel and gemcitabine were administered on
days 1, 8, and 15 of a 4-week cycle. Nab-paclitaxel was given at
the dose of 125 mg/m” as a 30-minute infusion and immediately
followed by gemcitabine 1,000 mg/m?, given as a 90-minute in-
fusion. All participants received pegfilgrastim beginning on days
16 to 18 of each cycle. As with the pancreatic cancer studies (17),
both chemotherapy agents were held on day 15 if the patient
experienced grade 4 neutropenia on or prior to that day, and
therapy resumed at a reduced dose with subsequent cycles. Nab-
paclitaxel was held for the remainder of the cycle for any patients
who experienced grade > 3 neuropathy, with dose reduction in sub-
sequent cycles. Patients experiencing febrile neutropenia, failure to
meet eligibility criteria on day 29, platelets < 20 000/uL on two oc-
casions during a cycle or need for two platelet transfusions within a 7-
day period were subject to dose reduction of gemcitabine (to 675 mg/
m?*) and nab-paclitaxel (to 100 mg/m*) with subsequent cycles. Pa-
tients who experienced the same dose-modifying toxicities even after
the appropriate dose reductions, or who did not meet eligibility cri-
teria to start subsequent cycles by day 43, were withdrawn from
protocol therapy.

Toxicity and efficacy assessments

Toxicity was graded according to the Common Terminology
Criteria for Adverse Events version 4.0 (http://ctep.cancer.gov), and
any patient receiving at least one dose of either study drug was
considered evaluable for toxicity.

Disease evaluations with cross-sectional imaging were performed
within 28 days prior to the start of study and at the completion of
cycle 2. Patients with stable disease or better continued to have
evaluations completed at the end of each even-numbered cycle.
Tumor response was reported using RECIST v1.1, including the
requirement that responses must be confirmed with additional
imaging no sooner than 4 weeks.

Correlative studies

In this study, protein expression of putative markers of chemo-
sensitivity (SPARC, CAV-1, hENT1) was assessed by immunohis-
tochemistry analysis of archival tumor samples, using the most
recent tumor sample available. Three commercially available anti-
bodies were optimized and tested to select the most appropriate one
for assay development: SPARC (Clone: sc-73472, dilution 1:50;
Santa Cruz Biotechnology), CAV-1 (Clone: 7C8, dilution 1:20; Thermo
Fisher Scientific), and hENT1 (Clone: SP120, no dilution; Abcam). To
quantify protein expression, we used an immunoreactivity score system
that incorporates the relative percentage of tumor cells expressing the
protein, as well as the relative intensity of staining (36). The score for
proportion of tumor cells ranged from 0 to 4 and was based on the
proportion of tumor cells expressing the marker (0 = none, 1 < 10%,
2 = 10%—50%, 3 = 51%—80%, and 4 > 80%). The intensity of staining
was scored from 0 to 3 and based on the relative extent of color change
noted (0 = none, 1 = mild, 2 = moderate, and 3 = dark brown). The
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Table 1. Patient characteristics (N = 18).

Characteristic Number of patients (%)

Gender

Female 9 (50%)

Male 9 (50%)
Age at study entry

Median (IQR) 16.5 (13.3,19.8)
Race

Asian 1(6%)

Black or African American 4 (22%)

White 1 (61%)

Unknown 2 M%)
Ethnicity

Hispanic or Latino 3 (17%)

Non-Hispanic 13 (72%)

Unknown 2 (11%)
Number of prior chemotherapy regimens

1 3 (17%)

2 8 (44%)

3 4 (22%)

4 or more 3 (17%)
Prior radiation therapy

Yes 8 (44%)

No 10 (56%)

immunoreactivity score was the product of these two scores, and scores
of 0 to 1 were considered negative expression, 2 to 3 were mild, 4 to
8 were moderate, and 9 to 12 were termed strong expression.

A total of 10 mL of peripheral blood was collected in CellSave
tubes and 10 mL in Streck DNA BCT at enrollment at cycle
2 day 1, end of cycle 2, and at the end of every two subsequent
cycles. Blood collected in CellSave tubes was processed through
the CellSieve microfiltration membrane (Creatv MicroTech),
and captured cells were enumerated by direct visualization by a
trained technician using a BZ-X microscope (Keyence) following
immunofluorescence staining. Negative staining for CD45, positive
staining for vimentin, and DAPI (4',6-diamidino-2-phenylindole)
nuclear stain positivity and morphology were used to define and
enumerate CTCs using a custom antibody solution developed by
Creatv MicroTech, as previously described (31, 37, 38). When CTC
clusters were identified, these were enumerated as a single CTC.
Antibody solution quality control was performed using osteosarcoma
cell lines OHS and HUVEC as positive controls and MCF-7 cell lines
as negative controls, for all lots of antibody solution used and for each
assay provided by Creatv MicroTech. Circulating tumor cell enu-
meration data at baseline and all time points were then compared and
correlated to the reported treatment response.

For blood collected in Streck DNA BCT, plasma was isolated by
a double centrifugation technique and frozen at —80°C until use
(39). Cell-free DNA was extracted from 1 mL of plasma using the
QIAamp Circulating Nucleic Acid kit (Qiagen). DNA quantifi-
cation was performed using the Qubit dsDNA HS assay kit
(Thermo Fisher Scientific). Library prep was performed by the
NEBNext Ultra IT DNA library preparation kit. Resultant 0.5x
coverage was analyzed by the ichorCNA algorithm using previ-
ously detailed methods (40). According to the ichorCNA copy
number prediction, copy number states were mapped to hemi-
zygous deletions (one copy of gene), copy neutral (two copies),
copy gain (three copies), amplification (four copies), and high-
level amplification (five-seven copies).
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Figure 1. 1.00-
Kaplan-Meier projection of PFS for
all patients (N = 18).
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Statistical design

Because calcification of tumors can confound response determi-
nation, PFS-4 is now a preferred primary endpoint for phase II
studies of relapsed osteosarcoma (32). Our trial used a Simon’s two-
staged design in which the null hypothesis that the PFS-4 was <10%
was tested against a one-sided alternative PFS-4 of >35% with 80%
power. This target response rate was chosen because this level of
activity has been achieved by other available salvage regimens (8,
41-43). Eleven evaluable patients were to be accrued in the first
stage. If two or more were progression-free at 4 months, then
seven additional patients would be added in a second stage for a
total of 18 patients. The null hypothesis would be rejected if five
or more total patients were progression-free at 4 months. PFS
was estimated using Kaplan-Meier methods with confidence
interval based on the log-log approach. PFS-4 was compared to
the historical 10% rate using the exact binomial test. We also
calculated a modified PFS (mPFS) definition to incorporate failure to
receive 4 months of protocol therapy for non-progression reasons
such as toxicity as an event, in addition to progression and deaths.

Data availability

All relevant data are provided within the article and the accom-
panying Supplementary data. Because of the Health Insurance
Portability and Accountability Act requirements, we are not allowed
to share individualized patient genomic data that contain potentially
identifying or sensitive patient information. However, we are
committed to collaborative data analysis, and more information and
mechanisms for data access can be obtained by contacting the
corresponding authors or the National Pediatric Cancer Foundation
(sunshineproject@moffitt.org).

Results

Patient characteristics are shown in Table 1. Eighteen patients with a
median age of 16 years (range 12-26) received a total of 56 cycles
(median 2, range 1-12) of gemcitabine and nab-paclitaxel. The median
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Survival months

5 3 3 3 2 2 2 1 1 1 0

4 5I 6 7 8 9 10 1 12 13 14
Survival months

number of prior chemotherapy regimens was 2 (range 1-7). A total of
8/18 patients (44%) also received prior radiation therapy.

Response

Two patients (11%) experienced a confirmed partial response, and six
(33%) received up to four cycles (Fig. 1). Of the two patients with partial
response, one withdrew after six cycles to receive other therapy, and the
second came off study after five cycles for recurrent hematologic toxicity.
Three patients had stable disease, and one patient remained progression-
free after completing 12 cycles of protocol therapy. Median PFS was
1.9 months [95% confidence interval (CI), 1.6-7.8]. Five patients out of
the 18 eligible patients were progression-free at 4 months, and therefore
the PFS-4 was 28% (95% CI, 13%-59%), with a P value of 0.028 com-
pared to the historical rate of 10%. However, one of the patients with 4-
month PFES received less than two cycles of protocol therapy and went off
treatment due to an adverse event (AE), and therefore the mPFS-4 was
22% (95% CI, 9%-53%), with a P-value of 0.098 compared to 10% rate.
For three patients, this was their first salvage regimen after standard
therapy, and none had response or stable disease.

Toxicity

Myelosuppression was the most common grade 3 to 4 toxicity re-
ported. Six patients (33%) required dose reductions for neutropenia
(n = 4), pleural effusion (1), or neuropathy (1). Two patients were
removed from study secondary to neutropenia despite dose reduction
and myeloid growth factor support, and one patient came off study due
to severe peripheral edema. Grade 3 and above toxicities experienced
during this study are listed in Table 2.

Correlative studies

Archival tissue samples were available in 10 patients. Strong (3+)
expression of SPARC was noted in all the samples, with diffuse
expression in nine. In contrast, CAV-1 expression was mostly focal
or negative, although two samples had diffuse expression. Expres-
sion of hENT-1 was more variable, and results are reported in

Clin Cancer Res; 30(23) December 1, 2024 5317

G20z dunr |1 uo Jasn sioulll J0 Aysieaun Ag Jpd-6E€ L-¥2-109/0850ZSE L ES/ET/0E/IPA-0loNIB/Sa1180UBDUID/BI0"S|BUINO[IOEE//RY WOJ) papEojuMOq


mailto:sunshineproject@moffitt.org
https://aacrjournals.org/

Dhir et al.

Table 2. Toxicity summary (N = 18).

Grade 3 Grade 4
AE Category AE Description n % n %
Blood and lymphatic system disorders Anemia 1 (61.1) 0 0)
Platelet count decreased 3 16.7) 8 (44.4)
White blood cell decreased 6 (33.3) 2 m.n
Neutrophil count decreased 4 (22.2) 4 (22.2)
Lymphocyte count decreased 7 (38.9) 3 (16.7)
Cardiac disorders Pericardial effusion 1 (5.6) 0 0)
Sinus tachycardia 0 ) 0 )
Gastrointestinal disorders Mucositis, oral 1 (5.6) 0 0)
Small intestinal obstruction 1 (5.6) 0 )
Alanine aminotransferase increased 1 (5.6) 0 )
Aspartate aminotransferase increased 1 (5.6) 0 )
General disorders and administration site conditions Edema limbs 1 (5.6) 0 0)
Fatigue 1 (5.6) 0 )
Infections and infestations Infections and infestations—Other, specify 0 ) 0 )
Sepsis 0 ) 1 (5.6)
Fluid and electrolytes Dehydration 1 (5.6) 0 )
Hypokalemia 0 0) 0 0)
Hyponatremia 1 (5.6) 0 )
Hypophosphatemia 1 (5.6) 0 )
Nervous system disorders Peripheral motor neuropathy 1 (5.6) 0 )
Peripheral sensory neuropathy 0 ) 0 (@)
Respiratory, thoracic and mediastinal disorders Dyspnea 0 0) 0 0)
Epistaxis 1 (5.6) 0 )
Pleural effusion 1 (5.6) 0 )
Skin and subcutaneous tissue disorders Rash, maculo-papular 0 ) 0 )
Vascular disorders Hypotension 1 (5.6) 0 0)
Thromboembolic event 1 (5.6) 0 0)

Supplementary Table S2. Given that only a few patients experienced
sustained benefit, no clinical correlation could be drawn from these
results.

All 18 patients had CTCs identified by the CellSieve method
during the course of the study, including 16 at the time of study
entry. Serial samples collected at study entry and while on therapy
were available for 15 patients (Table 3). Three patients had rapid
disease progression during the first cycle, and no further samples
were collected after study entry. When increasing CTC counts
were defined as an increase of >5 increase over two time points,
we identified 13 time points in 10 patients who fit this criteria.
Of the 13 time points, eight time points correlated with the
timing that the patient was found to have progressive disease. In
patient 6, an increase of CTC was detected after cycle 1, and the
patient was found to have progressive disease following cycle 2
(Table 3).

ctDNA was detected by ULP-WGS in 10 patients (55%) during
the course of the study (Supplementary Table S3). While eight pa-
tients (44%) had ctDNA detected at baseline study entry (Table 3),
there were very few time points with positive ctDNA after treatment
started, regardless of treatment response or not (Supplementary
Table S3). Osteosarcoma has been recently reported as a disease
characterized by recurrent somatic CNA (27). As ULP-WGS anal-
ysis by ichorCNA can detect CNAs from the ctDNA, we next
probed our dataset to assess whether specific genes previously re-
ported to be commonly amplified or deleted (44, 45) can be detected
in ctDNA. Specifically, CNA in MYC, CCNEI, CCND3, RAD2I,
VEGFA, AURKB, CDK4, PTEN, RB1, CDKN2A/B, NF1, NF2, MCL1,

5318 Clin Cancer Res; 30(23) December 1, 2024

IGFIR, KIT, KDR, and PDGFRA were investigated. Not surprisingly,
in the eight patients who had ctDNA detected at baseline study
entry, CNA were noted most commonly in MYC, RAD21, and
CCND3, corresponding to previously published results from clinical
targeted sequencing of osteosarcoma tumors (Fig. 2; ref. 45). All
eight patients with MYC amplification detected at baseline showed
disease progression. Conversely, none of the five patients with either
partial response or stable disease noted in our study had any ctDNA
identified at baseline.

Discussion

This study provides the first prospective data on patients with
recurrent osteosarcoma and measurable disease who received the
combination of gemcitabine and nab-paclitaxel. Although there was
supporting preclinical information as well as encouraging prelimi-
nary responses in patients with soft tissue sarcoma with this com-
bination (46, 47), the results of our study did not show any
improvement in activity or toxicity compared to retrospective re-
ports describing the use of gemcitabine and docetaxel for recurrent
osteosarcoma (5, 6, 8). While we were able to expand to the second
portion of the two-stage Simon design, we ultimately observed a
PES-4 of 28%, which was below our prespecified threshold to war-
rant further study.

As expected, myelosuppression was the most notable dose-
modifying toxicity. As with many sarcoma phase II trials, we ad-
ministered gemcitabine over 90 minutes to hopefully achieve higher
intracellular levels of active metabolites and improve antitumor
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Table 3. Correlation of baseline ctDNA and CTC trends with response and timing of progression.

Entry

tumor Entry >5 increase

DNA% CTC CcTC-1? CTC-2 CTC-4 CTC-6 CTC-8 CTC-10 CTC-12 Response of CTC
1 5.89% 16 27 200 PD Yes
2 10.91% 2 3 219 PD Yes
3 15.45% 6 PD NE
4 0% 0 0 22 PD Yes
5 0% 2 4 2 PD No
6 0% 13 32 30 PD Yes
7 5.36% 0 0 n PD Yes
8 0% 10 26 4 4 48° SD Yes
9 0% 5 5 9 3 PR No
10 40.44% 14 PD NE
n 0% 4 PD NE
12 0% 2 10 0 0 3 108 m 42 SD Yes
13 0% 13 9 26 PD Yes
14 9.76% 7 28 PD Yes
15 25.19% 16 0 4 PD No
16 0% 8 9 2 2 PR No
17 17.41% 5 0 53 PD Yes
18 0% 4 2 0 SD No

NOTE: Bold value indicates time of disease progression.
Abbreviation: NE, not evaluable.
2Assessment of CTC after each designated cycle.

bSample collected at disease progression; patient came off study due to site discretion after four cycles.

activity (48, 49). This longer infusion rate has been associated with
greater myelosuppression compared with the 30-minute schedule
used for pancreatic cancer, and it is possible that myelosuppression

Patient ID: 1 2 3 7 10 14 15 17
myc w T HE HEBR
AURKB 75%

PTEN 63%

NF1 63%

mCL1 63% I H "
IGF1R 75%

KIT/KDR/PDGFRA 75%

CDK4 63%

CCND3 75% EE H B
RB1 50%

CDKN2A/B 38%

NF2 75%

VEGFA 63% B n
CCNET 63% B
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Figure 2.
Oncoprint showing genomic alteration from the ctDNA from the eight patients

with detectable value, all of whom showed disease progression on study.
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may have been less if a 30-minute infusion was used, especially in
our pretreated population. However, twice as many patients dis-
continued protocol therapy for progressive disease compared to
hematologic toxicity, suggesting that low activity remains the lim-
iting feature of this combination. Toxicity led to dose modifications
in 33% and discontinuation in 17% of patients. There were no pa-
tient deaths from toxicity, and overall, this outpatient regimen was
considered feasible.

The finding of two objective partial responses shows that a subset
of patients has tumor reduction with this combination. Unfortu-
nately, no predictive biomarkers are yet available to identify which
patients are most likely to respond. On the basis of data regarding
SPARC and CAV-1 expression and response to nab-paclitaxel-based
therapy in adult carcinomas (18, 19), we explored these possible
relationships using immunohistochemistry of archival tumor tissue.
However, the small sample size and paucity of responders prevented
any formal conclusions. In addition, it is unknown whether SPARC
or CAV-1 expression changes throughout the disease course. Sim-
ilarly, in this small cohort of patients, we could not identify a re-
lationship between the expression of hENT1 and response to this
gemcitabine-based regimen, as has been suggested by a larger study
in adult soft tissue sarcomas (50).

Other potential biomarkers investigated in this study included
serial assessment for CTCs and ctDNA. To our knowledge, our
study is the first to prospectively analyze serial samples in patients
with relapsed osteosarcoma receiving uniform therapy as part of a
multi-institutional clinical trial. This tumor type is well suited for
such analyses given the high frequency of micrometastatic disease
and hematogenous dissemination. Detection of CTC has been
challenging in sarcomas, which lack surface expression of epithelial
markers such as EpCAM that are used to detect carcinomas. To
overcome this, vimentin has been utilized as a sarcoma-specific
marker along with separation based on cellular size (31, 33, 51). In
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this study, to detect CTCs, we utilized CellSieve, a size-based
microfiltration platform that we have previously published (31, 37,
38, 52, 53). We were able to identify CTCs in all patients, and in
patients who had increasing CTC detected while on study, eight
patients were found to have progressive disease at that time point.
While these data are promising, there are limitations, as this is from
a small pilot cohort, and only one blood sample was drawn at each
time point, rather than collecting replicates. Whether CTC detection
by CellSieve can be used as a sensitive marker of disease progression
requires validation in a large prospective cohort. The ongoing multi-
institute study “MCC20320 Blood based biomarkers for minimal
residual disease detection in pediatric sarcomas” by the National
Pediatric Cancer Foundation (NPCF) has been designed to answer
this exact question. CellSieve has been demonstrated to enable
identification of specific receptor expression on CTCs (54-56) and
to perform molecular analysis on the cells (31). It is possible that
further optimization of this methodology, perhaps with the com-
bination of other molecular techniques such as RNA in situ hy-
bridization, multiplex immunostaining, and single cell RNA
sequencing, can enable further investigations to better characterize
these cells, a potential pathway to identifying novel therapeutic
targets. Unlike other sarcomas driven by single-nucleotide variants
or gene fusions, osteosarcoma is more commonly characterized by
large somatic CNAs (44, 45). To approach this unique genomic
landscape, there have been approaches using targeted NGS panels
(27, 28), as well as ULP-WGS (57). In our study, eight patients
(44%) had ctDNA detectable at baseline, and two others had ctDNA
detectable after treatment commenced despite being negative at
baseline. This rate of positivity is relatively similar to a previous
retrospective correlative analysis of 72 patient samples with newly
diagnosed localized osteosarcoma, which identified ctDNA in 57%
of the samples using ULP-WGS (28). In three-fourths of our posi-
tive samples, patients were found to have a gain/amplification of
MYC by WLP-NGS. In a large genomic analysis of patient samples,
MYC has been demonstrated to be the most common gain/
amplification and has been found to be associated with poor out-
comes (44, 45). The patients enrolled in our cohort were all patients
with recurrent/refractory osteosarcoma, and the high ratio of pa-
tients with MYC gain/amplification in our ctDNA results are cer-
tainly consistent with these previous reports, with all of them
experiencing disease progression. Interestingly, ctDNA remained
undetectable for patients with partial response or stable disease,
thereby suggesting its utility as a possible marker for treatment
response. Furthermore, we identified CNAs in genes with future
therapeutic potential, such as gain/amplification of CDK4 and
AURKB (44, 58, 59). Whether these gains/amplifications can be
impacted by specific inhibitors requires further investigation, but
the detection of such CNAs through liquid biopsy points to the
potential of using such techniques in the future to guide clinical trial
design through non-invasive patient tumor genotyping.

Given that our study simultaneously measured both CTC and
ctDNA burden, we hoped to gain preliminary insight into whether
one biomarker may be superior or if there were complementary
features in a fashion seen in breast cancer (60). While this study was
not specifically designed to detect such differences, we did observe
that CTC appeared to be better suited to detect disease progression,
while ctDNA detection was able to yield molecular disease charac-
teristics that were not available in CTC enumeration. Our findings
are preliminary given the relatively small number of patients stud-
ied. Ongoing studies such as the previously mentioned NPCF
translational research trial are expected to generate data on the ideal
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clinical applicability of CTC and ctDNA in pediatric sarcoma pa-
tients, including osteosarcoma.

In conclusion, only a small subset of pretreated patients with re-
lapsed osteosarcoma and measurable disease had clinical benefit from
the combination of gemcitabine and nab-paclitaxel in this study. When
comparing historical retrospective studies, we did not identify an ad-
vantage for using nab-paclitaxel versus docetaxel as a partner for
gemcitabine in treating patients with relapsed osteosarcoma. The PFS-4
for our patients was lower than that previously reported for other
commonly used salvage regimens such as high-dose ifosfamide or ty-
rosine kinase inhibitors. We conclude that this is a regimen with
modest activity and toxicity that is similar to gemcitabine and docetaxel.
However, the dynamics of CTC and ctDNA levels seen on this trial may
offer insight into how serial collection of blood samples could poten-
tially be used to help monitor response and help identify biomarkers in
patients with relapsed osteosarcoma.
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