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therapeutic window of its
combination with temozolomide in Ewing sarcoma
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Peter J. Houghton,1,4 and Raushan T. Kurmasheva1,4,5,7,*
SUMMARY

Current therapy is ineffective for relapsed and metastatic Ewing sarcoma (EwS)
owing to development of drug resistance. Macromolecular prodrugs potentially
lead to lower drug exposure in normal tissues and reduced toxicity.We evaluated
the efficacy of PEGylated talazoparib (PEG�TLZ), a PARP1 inhibitor, alone or in
combination with the DNA-alkylating agent temozolomide (TMZ) in EwS and
other pediatric tumors using conventional testing or single-mouse trial (SMT). A
single dose of PEG�TLZ (10 mmol/kg on day 0) combined with 5 daily doses of
TMZ (40 mg/kg starting on day 3/4) produced minimal toxicity, and the combina-
tion achieved maintained complete response in EwS and glioblastoma models.
The SMT trial with the 3-day interval between PEG�TLZ and TMZ resulted in
objective responses in EwS and other xenografts. Thus, PEG�TLZ + TMZ demon-
strated a broad range of activity in pediatric solid tumor models. Furthermore,
the therapeutic window of PEG�TLZ + TMZ was enhanced compared with the
free-TLZ combination.
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INTRODUCTION

Although intensive chemotherapy can result in sustained event-free survival (EFS) and overall survival for

children and young adults with Ewing sarcoma, this regimen is relatively ineffective for relapsed and met-

astatic Ewing sarcoma, for which overall long-term survival ranges from 9% to 33% (Kolb et al., 2003; Po-

tratz et al., 2012). Current Ewing sarcoma standard treatment protocols include five chemotherapeutics

(cyclophosphamide, vincristine, etoposode, doxorubicin, and ifosfamide), plus radiation (Donaldson

et al., 1998; Dunst et al., 1995; Ferrari et al., 1998; Grier et al., 2003; Krasin et al., 2004). Four of these

drugs induce DNA damage, as does radiation therapy. At relapse, two additional DNA-damaging agents

(irinotecan and temozolomide [TMZ]) are routinely used to re-induce remission, indicating that Ewing sar-

coma cells are intrinsically sensitive to DNA damage. However, the standard of care for Ewing sarcoma

has not significantly changed in the last �30 years, with many chemotherapeutics triggering toxicities to

normal tissues due to the DNA damaging effects. Recent preclinical and clinical trials of the experimental

combination of talazoparib (TLZ), the most potent of the approved PARP1 inhibitors, and TMZ in Ewing

sarcoma demonstrated notable antitumor activity, but the combination was toxic both in patients and in

mice (Schafer et al., 2020; Smith et al., 2015). As an alternative therapeutic approach to reducing toxicity

and improving efficacy of the drug combination, we evaluated a novel PEGylated conjugate of TLZ

(PEG�TLZ) that allows sustained, controlled release of the inhibitor within the tumor microenvironment

(Fontaine et al., 2021). Nanocarrier-linked drugs increase uptake into tumor tissue and reduce perme-

ability to normal vasculature, leading to lower dose exposure in normal tissues and reduced toxicity

(Van De Ven et al., 2017, Caster et al., 2015; Tsouris et al., 2014; Maeda et al., 2000; Baldwin et al.,

2019; Chauhan and Jain, 2013; Chauhan et al., 2012; Matsumura and Maeda, 1986; Yang et al., 2021).

The enhanced permeability and retention effect is specific to passive systemic distribution of nanomedi-

cine and allows selective penetration of drugs due to the increased vascular pore size in the tumor site

(Maeda et al., 2000). In this study, the in vivo activity of PEG�TLZ was assessed in Ewing sarcoma xeno-

graft models and an MGMT-deficient model of glioblastoma using conventional testing (10 mice/group)

and in an extended group of pediatric solid tumors using a single-mouse testing (SMT) approach

(1 mouse/group).
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Figure 1. Ewing sarcoma cell lines sensitivity to TMZ and PEG�TLZ + TMZ

Alamar Blue concentration-response curves.Cells were treated for 72 h with indicated concentrations of TMZ alone or in combination with a single

concentration of PEG�TLZ. The red line in each graph indicates the effect of PEG�TLZ alone at the concentration used in combination with TMZ. Results

represent meanG SEM for n = 3 independent experiments, with each concentration tested in triplicate. Bottom, Table with the Bliss combination indices for

PEG�TLZ + TMZ. See also Figure S1 and Table S1.
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RESULTS

In vitro potentiation of TMZ by PEG�TLZ

Our previous results, generated in the Pediatric Preclinical Testing Program (PPTP), showed that Ewing sar-

coma xenografts segregated into two groups with five models showing dramatic antitumor activity of TLZ

and TMZ and four models where the combination was inactive (Smith et al., 2015). To understand themech-

anisms accounting for the difference in activity to the combination of PARP1 inhibition and DNA damage

observed in Ewing sarcoma xenografts, we first examined synergy between PEG�TLZ and TMZ in vitro. It

has been argued, based on preclinical (Shen et al., 2013) and clinical (Drew et al., 2016) evidence, that

optimal efficacy of PARP1 inhibitors requires continuous inhibition of PARP1. To accomplish protracted

drug exposure, we used a four-arm PEG40kDa nanocarrier (15 nm diameter) conjugated to TLZ via a releas-

able linker developed by ProLynx. In this PEGylated prodrug, the release of TLZ is determined by the

modulator group. TLZ was released with an in vitro t1/2 �160 h at pH 7.4, 37�C (Fontaine et al., 2021).

We first investigated the degree of potentiation of TMZ cytotoxicity by PEG�TLZ in the Ewing sarcoma cell

lines ES-2, ES-4, ES-6, ES-7, EW-8, A-673, CHLA-258, and TC-71 (Figure 1, Figure S1). Cells were exposed to

increasing concentrations of TMZ, with or without co-treatment with PEG�TLZ (approximate IC50), for 72 h,

and cell viability was assessed by Alamar Blue staining. Treatment with PEG�TLZ + TMZ resulted in

increased cytotoxicity compared with TMZ alone in all the models evaluated. The IC50 values for TMZ alone

ranged from 15.7 mM in ES-2 cells to 331.8 mM in A-673 cells. In contrast, the IC50 values for TMZ combined

with the IC50 of PEG�TLZ ranged from 3.5 mM in ES-7 cells to 10.3 mM in ES-4 cells (Table 1, Figure 1). Over-

all, these results suggest that the combination of PEG�TLZ + TMZ more potently inhibits cell viability

compared with TMZ alone. Using these same data, we next asked whether the combination of PEG�TLZ +

TMZ produces greater than additive cytotoxic effects, which would suggest a synergistic interaction. We

chose to evaluate concentrations of 10, 30, and 100 mM TMZ when measuring synergy with PEG�TLZ

because these concentrations span the dynamic range of relevant concentrations in vitro. In addition, these

concentrations are clinically relevant as micromolar concentrations of TMZ can be detected in patient

plasma following TMZ administration (Britten et al., 1999; Portnow et al., 2009). Interesting, the effects of

several combinations of PEG�TLZ + TMZ were significantly greater than would be expected if the effects

of each drug were simply additive in ES-6, ES-7, EW-8, ES-2, and A-673 cells (Figure S1). In particular,

greater than additive effects were observed when combining PEG�TLZ (IC50) with 100 mM TMZ in ES-6,

ES-7, EW-8, ES-2, and A-673 cells. Greater than additive effects were also observed when combining

PEG�TLZ with 30 mM TMZ in ES-6, ES-7, EW-8, ES-2, and A-673 cells and when combining PEG�TLZ

with 10 mM TMZ in ES-6, ES-7, EW8, and A-673 cells. Furthermore, we calculated combination indices

(CIs) for these combinations based on the Bliss model of independence (Bliss, 1939). CIs for PEG�TLZ

(IC50) with 10, 30, or 100 mM TMZ ranged from 0.40 to 1.02 (Figure 1). These data suggest various degrees

of synergy between the combination, with lower CI values (greater synergy) typically observed at higher

TMZ concentrations. Overall, these results suggest a synergistic interaction between PEG�TLZ and TMZ

in some Ewing sarcoma cell lines, particularly at higher concentrations of TMZ.
Apoptosis induction

We next evaluated the induction of apoptosis by PEG�TLZ, TMZ, and PEG�TLZ + TMZ by evaluating

PARP1 cleavage in ES-2, ES-4, ES-6, ES-7, EW-8, A-673, CHLA-258, and TC-71 cells after 24 and 48 h of treat-

ment (Figure 2). We sought to identify the time points (24 and 48 h) at which PARP1 cleavage could be first

detected. After 24 h of treatment, cleaved PARP1 was detectable only after combination treatment, but not

PEG�TLZ or TMZ treatment, in ES-4, ES-7, A-673, and TC-71. In CHLA-258 cells, PARP1 cleavage was

detectable after treatment with either single agent or the combination, whereas in EW-8 cells PARP1 cleav-

age was only detected in TMZ- and combination-treated cells. In ES-2 cells, PARP1 cleavage was only de-

tected after 24 h of TMZ-treatment. After 48 h of treatment, cleaved PARP1 was detectable with TMZ or the

combination treatment, but not PEG�TLZ, in ES-2, ES-4, and EW-8 cells. In contrast, PARP1 cleavage was

detectable 48 h after treatment with either single agent or the combination in ES-7, A-673, and TC-71 cells.

In ES-6 cells, cleaved PARP1 was only detectable in combination-treated cells. Although the magnitude of
iScience 25, 103725, February 18, 2022 3



Table 1. Potentiation of TMZ cytotoxicity by PEG�TLZ

Cell line TMZ IC50 (mM) TMZ + PEG�TLZ IC50 (mM) Potentiation factor (fold)

ES-4 85.9 10.3 8.3

ES-7 175.2 3.5 50.1

TC-71 165.6 10.0 16.6

EW-8 243.8 5.5 44.3

ES-6 301.6 8.1 37.2

A-673 331.8 6.2 53.5

CHLA-258 141.2 8.9 15.9

ES-2 15.7 3.9 4.0

See also Table S1.
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induction of PARP1 cleavage is not equal between the cell lines, it is possible that longer time is needed for

induction of apoptosis in some of the cell lines owing to their comparatively slower growth. This is partic-

ularly true with ES-4 and ES-6 cells, which, in our experience, have doubling times greater than 24 h. Collec-

tively, these results suggest that the combination of PEG�TLZ + TMZ results in a more rapid and greater

induction of apoptosis than either single agent in a majority of the cell lines evaluated.
Combination testing of PEG�TLZ with TMZ in non-tumored mice

Previously we found that combining free-TLZ with TMZ resulted in significant body weight loss and mortal-

ity unless the dose of TMZ was reduced to approximately 15% of its MTD (Smith et al., 2015). The reasoning

behind using PEG�TLZ is that dosing of TMZ could be delayed as PEG�TLZ would be retained in tumor

tissue while being cleared systemically. In non-tumored mice, PEG�TLZ at 5 and 10 mmol/kg in combina-

tion with TMZ (40 mg/kg daily for 5 days) was tolerated when TMZ was administered on days 2–6 and

PEG�TLZ administered on day 1 (Figure S2). In contrast, PEG�TLZ at 20 mmol/kg combined with TMZ at

the same dose and schedule of administration caused >20% body weight loss, hence was considered

too toxic.
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Figure 2. Induction of apoptosis in Ewing sarcoma cells by PEG�TLZ, TMZ, and PEG�TLZ + TMZ

(A and B) Ewing sarcoma cell lines were treated for 24 (A) or 48 h (B) with vehicle, PEG�TLZ (IC50), TMZ (IC50), and PEG�TLZ + TMZ (IC50 of each).PARP1

cleavage (cPARP1; 89 kDa) was evaluated by immunoblotting with PARP1 antibody (89/116 kDa). GAPDH (37 kDa) was used as a loading control. See also

Table S1.
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Control
10 μmol/kg PEG~TLZ
40 mg/kg TMZ
10 μmol/kg PEG~TLZ (Day 1) + 40 mg/kg TMZ (Day 3)
10 μmol/kg PEG~TLZ (Day 1) + 40 mg/kg TMZ (Day 4)

Control
10 μmol/kg PEG~TLZ (Day 1) 

+ 40 mg/kg TMZ (Day 3)
10 μmol/kg PEG~TLZ (Day 1) 

+ 40 mg/kg TMZ (Day 4)

Figure 3. PEG�TLZ + TMZ tumor activity in Ewing sarcoma-bearing mice

(A) PEG�TLZ dose-response study: TC-71 tumor-bearing mice received various doses of PEG�TLZ G TMZ (30 mg/kg

daily x 5) starting 3 days after single dose of PEG�TLZ. Tumor volumes were measured for 56 days. The thinner lines

represent individual mice and the bolder lines (with error bars) represent median tumor growth in each group. Error bars

represent mean G SEM. See also Figures S2 and S3.

(B) Efficacy study of PEG�TLZ + TMZ in TC-71 model: tumor-bearing mice received PEG�TLZ (10 mmol/kg, single dose),

TMZ (40 mg/kg daily x 5), and PEG�TLZ + TMZ (in 2 schedules, p = 0.002). Tumor volumes were measured for 42 days. The

thinner lines represent individual mice and the bolder lines (with error bars) represent median tumor growth in each

group. Error bars represent meanG SEM. P-values were calculated by two-sided log rank test. See also Figures S2 and S3.

(C) Efficacy study of PEG�TLZ + TMZ in ES-7 model: tumor-bearing mice received PEG�TLZ, TMZ, and PEG�TLZ + TMZ

(in two schedules, p = 0.002). Tumor volumes were measured for 35 days. The thinner lines represent individual mice and

the bolder lines (with error bars) represent median tumor growth in each group. Error bars represent mean G SEM. P-

values were calculated by two-sided log rank test. See also Figures S2 and S4.

(D) Drug treatment schedules scheme for the in vivo experiments presented in this figure. See also Figure S2.
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Efficacy of PEG�TLZ combined with TMZ in tumored mice

Initial studies in tumor-bearingmice showed that scheduling TMZ 1 day after PEG�TLZ was too toxic (>10%

body weight loss). Further studies explored delaying the start of TMZ treatment by 3 or 4 days after

PEG�TLZ administration (Figures 3 and 4; Figures S3 and S4). As shown in Figure 3A, PEG�TLZ at doses

up to 20 mmol/kg did not significantly inhibit growth of TC-71 Ewing sarcoma xenografts. TMZ, adminis-

tered 3 days after PEG�TLZ at a daily dose of 30 mg/kg, was highly active when combined with 10 and

20 mmol/kg of PEG�TLZ. We wanted to explore whether a higher dose level of TMZ combined with lower

PEG�TLZ was equally effective, and to determine the optimal scheduling of TMZ after administration of the

PARP1 inhibitor. Neither PEG�TLZ (10 mmol/kg) nor TMZ (40 mg/kg daily x 5) had any antitumor activity

against TC-71 xenografts. By contrast, the combination with TMZ administration initiated 3 days after

PEG�TLZ was effective at causing tumor regressions, whereas delaying administration of TMZ until

4 days after the PARP1 inhibitor markedly reduced antitumor activity (Figure 3B). A similar study in ES-7 Ew-

ing sarcoma xenografts gave very similar results. Scheduling TMZ 3 days post PEG�TLZ resulted in main-

tained complete response (CR) over the observation period (13 weeks), whereas when administration of
iScience 25, 103725, February 18, 2022 5
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Figure 4. PEG�TLZ + TMZ efficacy in glioblastoma xenograft model

(A) GBM2 tumor-bearing mice received PEG�TLZ (10 mmol/kg, single dose), TMZ (40 mg/kg daily x 5), and PEG�TLZ +

TMZ (in two schedules and two PEG�TLZ doses, pR 0.002). Tumor volumes were measured for 91 days. The thinner lines

represent individual mice, and the bolder lines (with error bars) represent median tumor growth in each group. Error bars

represent mean G SEM. p-values were calculated by two-sided log rank test. See also Figures S2 and S4.

(B) Drug treatment schedule scheme for the in vivo testing of PEG�TLZ and TMZ in the GBM2 xenograft model. See also

Figure S2.
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TMZ was started 4 days after the PARP1 inhibitor the tumor response was partial response (PR) with EFS of

5 weeks (Figure 3C). Thus, the spacing of 3 days between PEG�TLZ and TMZ administration used in the

xenograft models was optimal.

To explore the efficacy of PEG�TLZ in combination with TMZ in a model other than Ewing sarcoma, we

used the glioblastomaGBM2 xenograft model, which is deficient in MGMT, and thus sensitive to TMZ (Mid-

dlemas et al., 2000). In this tumor model, TMZ induced significant growth delay (EFS = 28 days; p = 0.002),

whereas PEG�TLZ as a single agent had no antitumor activity (10 mmol/kg), Figure 4. TMZ administered on

days 3–7 after PEG�TLZ induced maintained CR at the end of the study (10 weeks), whereas reducing the

dose of PEG�TLZ to 5 mmol/kg resulted in a significant loss of antitumor activity (p = 0.005), a result similar

to the combination using 4-day spacing between TMZ and PEG�TLZ, which was less active (p = 0.002).

Evaluation of PEG�TLZ combined with TMZ using single-mouse testing

We have previously used the SMT study design to encompass tumor models with greater diversity and mo-

lecular heterogeneity (Ghilu et al., 2020; Kendsersky et al., 2021), based on a retrospective analysis of

>2,100 studies undertaken by the PPTP that showed that a single mouse accurately predicts group

response (n = 10) in conventional testing in 78% of studies. Prospective testing in solid tumor and leukemia

patient-derived xenografts PDXs has confirmed the utility of SMT (Houghton et al., 2020). We evaluated the
6 iScience 25, 103725, February 18, 2022
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Figure 5. Single-mouse testing of PEG�TLZ + TMZ in pediatric xenograft tumor models

(A) Antitumor activity to the combination of PEG�TLZ + TMZ in 28 xenograft models. Tumor volumes were measured for

up to 140 days. See also Figure S2 and Table S2.

(B) Kaplan-Meier EFS curves for control versus treated groups. Tumor volumes were measured weekly for up to 100 days

(p < 0.001). p-value was calculated by the two-sided log rank test. See also Figure S2 and Table S2.

(C) Drug treatment schedule scheme for the in vivo single-mouse testing study with PEG�TLZ (10 mmol/kg, single dose,

on day 0) and TMZ (40 mg/kg x 5 days starting on day 3) in Ewing sarcoma, osteosarcoma, rhabdomyosarcoma, malignant

rhabdoid tumor, and synovial sarcoma xenograft models. X, final day varies depending on the model. See also Figure S2

and Table S2.
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combination of PEG�TLZ (10 mmol/kg) and TMZ (40 mg/kg daily x 5) using 3-day spacing between drug

administrations in an additional 28 tumor models (including 12 Ewing sarcoma, 8 rhabdomyosarcoma, 3

malignant rhabdoid tumors, 1 Wilms tumor, 1 osteosarcoma, and 3 synovial sarcoma) (Figure 5, Table

S2). There was one drug-related death; however, the Kaplan-Meier survival curve demonstrated that the

PEG�TLZ + TMZ treatment caused extended survival compared with the EFS for untreated tumors for

the same models. The median EFS for control (n = 26) versus treated groups (n = 26) was estimated to

be 13.5 and 34.2 days, respectively (with confidence interval of (12.2, 15.9) and (20.2, 44) for each group).

We observed 7 objective responses (5 PR, 1 CR, 1 MCR; 22.6%); 3 tumor lines were considered stable dis-

ease (SD [<50% regression, <25% volume increase]); and 21 models progressed on treatment (PD). Time to

event (defined as the day a tumor achieved 400% of its volume on the day of treatment) varied from 12 days

to >161 days (Table 2).
DISCUSSION

Ewing sarcoma is an aggressive pediatric cancer that arises in bone and soft tissues. Despite many at-

tempts to develop an effective treatment over the last three decades, current standard therapy is not effec-

tive against the relapsed and metastatic disease. In a prior study by the PPTP, the combination of free TLZ

with TMZ showed CR andmaintained CR in half of the tested Ewing sarcoma xenograft models (Smith et al.,

2015). However, the synergistic response was associated with significant toxicity, which necessitated reduc-

tion of the TMZ dose to �15% of its MTD. Similarly, the Children’s Oncology Group phase I/II clinical trial

yielded high toxicity but SD and PR in a limited number of patients (Schafer et al., 2020). An important future

direction for an efficacious Ewing sarcoma therapy could be employing a controlled passive delivery of

nanomedicines to tumor sites, which allows significant reductions in systemic toxicity. We were therefore

interested in whether PEG�TLZ would enhance the therapeutic window of its combination with TMZ in Ew-

ing sarcoma and other pediatric solid tumor xenograft models. Although the pharmacodynamic testing

was not performed, the TLZ dose utilized in our earlier study (0.165 mg/kg BID x 5 days of free TLZ [cumu-

lative 1.65 mg/kg] versus 5 and 10 mmol/kg single dose of PEG�TLZ in this study [equivalent to 1.9 and
iScience 25, 103725, February 18, 2022 7



Table 2. Summary of SMT results

Xenograft Histology EFS,a control (days) EFS, treated (days) Responseb

CHLA-258 Ewing sarcoma 16.3 >98 MCR

SK-NEP1 Ewing sarcoma 10.2 24.2 PD

cNCH-EWS1 Ewing sarcoma 10.3 28.4 PD

ES-1 Ewing sarcoma 12.4 42.2 PR

ES-2 Ewing sarcoma 14.7 52.2 PR

ES-3 Ewing sarcoma 13.5 19.8 PD

ES-4 Ewing sarcoma 12.2 12.3 PD

ES-6 Ewing sarcoma 21.7 43.0 SD

cEW-5 Ewing sarcoma 13.1 14.8 PD

EW-8 Ewing sarcoma 6.1 44.0 SD

cEW-10 Ewing sarcoma NA >161 PR

cEW-13 Ewing sarcoma 25.3 53.6 PD

cWT-16 Wilms tumor 13.1 89.8 PD

cRBD2 MRT 7.7 12.4 PD

cWT-14 MRT 25.6 92.2 CR

cRh-18 MRT 19.5 55.1 PR

cRh-28 ARMS 18.8 20.2 PD

cRh-30R ARMS 13.5 35.9 PD

cRh-41 ARMS 10.8 22.6 PD

cRh-65 ARMS 12.7 19.8 PD

cRh-73 ERMS 24.8 36.5 PR

cRh-80 ERMS 8.8 20.5 PD

cRh-82 ARMS 10.2 32.4 PD

cRh-88 ERMS 15.9 17.7 PD

cOS-46 Osteosarcoma 39.7 75.9 SD

ASKA-SS Synovial sarcoma 15.9 16.3 PD

Yamato-SS Synovial sarcoma NA 21.1 PD

HS-SY-II Synovial sarcoma 14 >35 PD

See also Table S2.

Limited demographics data for the models in this table are published (https://pedcbioportal.kidsfirstdrc.org and in (Rokita et

al., 2019)).

MRT, malignant rhabdoid tumor; ERMS, embryonal rhabdomyosarcoma; ARMS, alveolar rhabdomyosarcoma; N/A, data not

available.
aEFS, event-free survival. An ‘‘event’’ is defined as a quadrupling of tumor volume from day 0. The exact time-to-event is esti-

mated by interpolating between the measurements directly preceding and following the event, assuming log-linear growth.
bProgressive disease (PD) is defined as >25% increase in initial volume within 21 days of starting treatment. Stable disease

(SD) is defined as <50% regression from initial volume during the study period and %25% increase in initial volume within

21 days of starting treatment. Partial response (PR) is defined as a tumor volume regressionR50% for at least one time point

but with measurable tumor (0.04 cm3). Complete response (CR) is defined as the disappearance of measurable tumor mass

(<0.04 cm3) for at least one time point. A complete response is consideredmaintained (MCR) if the tumor volume is <0.04 cm3

at the end of the study period.
cDesignates patient-derived xenograft (PDX) models.
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3.8 mg/kg]) has been shown to induce apoptosis in the PALB2-mutated Wilms tumor xenograft (KT-10)

responsive to TLZ treatment (Baldwin et al., 2019).

We previously showed that PEG�TLZ maintains a controlled and slow release of TLZ over �1 week in mice

(Fontaine et al., 2021). Furthermore, the long elimination half-life, high tumor uptake, and very low efflux

rates from tumors have been validated by PET imaging of PEG40kDa-
89Zr conjugates (Beckford Vera

et al., 2020). Key parameters for a high therapeutic index of a single drug/drug combination are low or
8 iScience 25, 103725, February 18, 2022
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undetectable toxicity and a strong tumor response to therapy. Our initial toxicity testing of PEG�TLZ in

non-tumor-bearing mice demonstrated that single doses of 5 and 10 mmol/kg, equivalent to 1.9 and

3.8 mg/kg of free TLZ, can be safely administered with TMZ at 40 mg/kg (<10% weight loss). When TLZ

was given as free drug in the PPTP study, a similar dose of TLZ (0.33 mg/kg x 5 days = 1.65 mg/kg) resulted

in >20%weight loss when combined with 16mg/kg of TMZ (Smith et al., 2015). Furthermore, consistent with

our in vitro cytotoxicity results demonstrating TMZ potentiation by PEG�TLZ in Ewing sarcoma cell lines,

the studies of mice bearing Ewing sarcoma revealed that the 3-day delay in TMZ administration (after

PEG�TLZ given on day 0) was more efficacious (maintained CR) compared with the 4-day delay schedule

(PR). This difference in response is possibly due to the PEG�TLZ pharmacokinetics. Similarly, maintained

CR was achieved with PEG�TLZ + TMZ using the 3-day delayed schedule in a glioblastoma xenograft

model, providing evidence for high activity of this drug combination in other pediatric solid tumors. The

single-mouse testing (SMT) of PEG�TLZ + TMZ in 28 models including Ewing sarcoma, malignant rhabdoid

tumor,Wilms tumor, rhabdomyosarcoma, osteosarcoma, and synovial sarcoma xenografts demonstrated a

range of antitumor activity, with 7 models (22.6%) showing objective responses in Ewing sarcoma and ma-

lignant rhabdoid tumor models that carry SMARCB1 gene homozygous deletions. The median EFS for this

series of treated tumors was 35.9 days, whereas the median for model paired untreated tumors was

13.5 days.

Although xenografts in immunodeficient mice have limitations in that there is no immune system that can

contribute to tumor response, they more accurately represent human cancers than other available models.

In this study we used heterotopic (subcutaneous) transplantation rather than orthotopic transplantation,

hence potentially the tumor microenvironment may differ contributing to the response to therapy.

Although this may apply to brain tumors where drug access to the intracranial model may be restricted,

there is less compelling evidence for non-brain tumors. The microenvironment may influence drug

response; however, our expression profiling shows subcutaneous tumor xenografts cluster with their

appropriate human cancers, which by definition have to be ‘‘orthotopic,’’ suggesting that changes in sub-

cutaneous tumor microenvironment may have a relatively modest effect on cancer cell expression (Neale

et al., 2008).

In summary, PEG�TLZ + TMZ demonstrated enhanced in vivo activity of TMZ in xenograft models when

administered 3 days prior to TMZ. SMT revealed antitumor activity against malignant rhabdoid tumor

models for this drug combination dose and schedule. Thus, the addition of PEG�TLZ to standard-of-

care TMZ may widen the therapeutic index of the combination for Ewing sarcoma and other pediatric solid

tumors. Along with significant reduction in toxicity, single dosing of PEG�TLZ may be advantageous for

treating infants and young children when compared with free TLZ given orally for 28 days.
Limitations of the study

Although the tumor microenvironment may differ from the natural site of tumor occurrence, xenograft

models in immunodeficient mice were used in the study because they more accurately represent human

cancers than other available models (also addressed in discussion). Testing data for the combination of

free TLZ and TMZ in pediatric solid tumor xenografts referenced in this work are from previous study (Smith

et al., 2015); however, the same in vivo methods were used in both (Houghton et al., 2007; Murphy et al.,

2016). In addition, the varied growth rate between the cell lines in this study may affect the timing of

PARP1 cleavage, an early apoptosis marker (also addressed in results).
STAR+METHODS
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PARP1 (46D11) Rabbit mAb Cell Signaling Technology Cat#9532; RRID: AB_659884

GAPDH (14C10) Rabbit mAb Cell Signaling Technology Cat#2118; RRID: AB_561053

IRDye 680RD Goat anti-Mouse IgG Secondary Antibody LI-COR Biotechnology Cat#926-68070; RRID: AB_10956588; Lot#C70613-15

IRDye 800CW Goat anti-Rabbit IgG Secondary Antibody LI-COR Biotechnology Cat#926-32211; RRID: AB_621843; Lot#C70620-05

Biological samples

EW-5 patient-derived xenograft Ghilu et al., 2020 N/A

EW-10 patient-derived xenograft Houghton et al., 2007 N/A

EW-13 patient-derived xenograft Houghton et al., 2007 N/A

NCH-EWS1 patient-derived xenograft Ghilu et al., 2020 N/A

ES-1 cell line-derived xenograft Houghton et al., 2007 N/A

ES-2 cell line-derived xenograft Houghton et al., 2007 N/A

ES-3 cell line-derived xenograft Houghton et al., 2007 N/A

ES-4 cell line-derived xenograft Houghton et al., 2007 N/A

ES-6 cell line-derived xenograft Houghton et al., 2007 N/A

ES-7 cell line-derived xenograft Houghton et al., 2007 N/A

TC-71 cell line-derived xenograft Houghton et al., 2007 N/A

CHLA-258 cell line-derived xenograft Houghton et al., 2007 N/A

SK-NEP-1 cell line-derived xenograft Houghton et al., 2007 N/A

EW-8 cell line-derived xenograft Houghton et al., 2007 N/A

Rh-28 patient-derived xenograft Ghilu et al., 2020 N/A

Rh-30R patient-derived xenograft Ghilu et al., 2020 N/A

Rh-41 patient-derived xenograft Ghilu et al., 2020 N/A

Rh-65 patient-derived xenograft Ghilu et al., 2020 N/A

Rh-73 patient-derived xenograft Houghton et al., 2007 N/A

Rh-80 patient-derived xenograft Houghton et al., 2007 N/A

Rh-82 patient-derived xenograft Houghton et al., 2007 N/A

Rh-88 patient-derived xenograft Houghton et al., 2007 N/A

KT-16 patient-derived xenograft Houghton et al., 2007 N/A

NCH-RBD2 patient-derived xenograft Houghton et al., 2007 N/A

KT-14 patient-derived xenograft Houghton et al., 2007 N/A

Rh-18 patient-derived xenograft Ghilu et al., 2020 N/A

OS-46 patient-derived xenograft Houghton et al., 2007 N/A

Aska-SS cell line-derived xenograft Cells purchased from Riken Cell Bank RCB3576

Yamato-SS cell line-derived xenograft Cells purchased from Riken Cell Bank RCB3577

HS-SY-II cell line-derived xenograft Cells purchased from Riken Cell Bank RCB2231

GBM2 patient-derived xenograft Houghton et al., 2007 N/A

Chemicals, peptides, and recombinant proteins

PEG�TLZ Prolynx, LLC PLX376 (prolynxinc.com)

PEG40kDa-[NH2]4 NOF America Sunbright PTE-400PA; CAS: 804514-67-8

Temozolomide MedChemExpress HY-17364; CAS: 85622-93-1

(Continued on next page)

12 iScience 25, 103725, February 18, 2022



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Alamar Blue Bio-Rad Laboratories Cat#BUF012B

Experimental models: Cell lines

A-673 human cell line Cells purchased from ATCC Cat#CRL-1598; RRID: CVCL_0080

ES-2 human cell line Houghton et al., 2007 RRID:CVCL_AX39

ES-4 human cell line Houghton et al., 2007 RRID:CVCL_1200

ES-6 human cell line Houghton et al., 2007 RRID:CVCL_1202

ES-7 human cell line Houghton et al., 2007 RRID:CVCL_1203

EW-8 human cell line Houghton et al., 2007 RRID:CVCL_V618

TC-71 human cell line Houghton et al., 2007 RRID:CVCL_S882

CHLA-258 human cell line Houghton et al., 2007 RRID:CVCL_A058

Experimental models: Organisms/strains

Mouse: C.B-Igh-1b/IcrTac-Prkdcscid Envigo (Indianapolis IN) Item # 18205F
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Raushan Kurmasheva (Kurmasheva@uthscsa.edu).
Materials availability statement

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ewing sarcoma cell lines and solid tumor xenograft models

Ewing sarcoma cell lines (TC-71, EW-8, ES-2, ES-4, ES-6, ES-7, A673, and CHLA-258) were cultured in RPMI-

1640 medium (SH30027.02, HyClone) supplemented with 10% heat-inactivated fetal bovine serum (FBS,

F-4135, Millipore Sigma). These Ewing sarcoma cell lines were derived from xenograft tumors, and are

male (TC-71, EW-8, ES-4, ES-6, ES-7) or female (ES-2, CHLA-258) origin. The A673 cell line was purchased

from the American Type Culture Collection (Manassas, VA) and are of female origin. Cells were maintained

at 37�C in a humidified atmosphere with 5% CO2. All cell lines were authenticated by short tandem repeat

(STR) analysis using the PowerPlex� 16 System (a multiplex STR system for use in DNA typing) for sample

analysis on the Applied Biosystems Genetic Analyzer 3730 and were free of mycoplasma contamination.

The EWSR1-FLI1 fusion type for each cell line is shown in Table S1. Generally, a cell line reaching a passage

number over 30 is discontinued and an earlier cryopreserved passage cell line is used instead. Patient- and

cell line-derived (PDX and CDX) Ewing sarcoma, glioblastoma, Wilms tumor, malignant rhabdoid tumor,

rhabdomyosarcoma, osteosarcoma, and synovial sarcoma xenograft models were developed in PPTP

[Houghton et al., 2007] or from cell lines (synovial sarcoma). In vivo testing was performed using C.B-

Igh-1b/IcrTac-Prkdcscid female mice (Envigo, Indianapolis, IN) of 6-8 weeks old. The demographic data

for models used in the studies are presented in Table S2. All evaluated tumor models were authenticated

by short tandem repeat (STR) analysis against reference profiles and have been described previously

(Houghton et al., 2007).
iScience 25, 103725, February 18, 2022 13
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In vitro cytotoxicity assay

The cytotoxic potencies of PEG�TLZ (Prolynx, Inc.), TMZ (MedChemExpress, HY-17364), and PEG�TLZ +

TMZ against Ewing sarcoma cell lines were evaluated by Alamar Blue assays (BUF012, Bio-Rad labora-

tories). Cells were plated in 96-well plates at 3.333 103 cells/well, allowed to adhere overnight, and treated

with vehicle (0.5% DMSO for TMZ and isotonic acetate buffer (pH 5) for PEG�TLZ) or drug for 72 h. Alamar

Blue (10% of culture volume) was added to each well for 6 h and fluorescence wasmeasured at 590 nm (exci-

tation 570 nm) on a PHERAstar microplate reader (BMG Labtech). All samples were blank-corrected for the

background fluorescence of Alamar Blue. Concentration-response curves were plotted and IC50 values

were interpolated from nonlinear regressions using Prism 9 (GraphPad software). Combination indexes

(CI) were calculated on the basis of the Bliss model of independence using the formula: CI = (EA + EB –

EAEB)/EAB, where (EA, EB) equal the effects of each individual drug and (EAB) equals the effect of the drugs

in combination.

Protein extraction and immunoblotting

Cells were treated for 24 h and 48 h with vehicle, TLZ (IC50), TMZ (IC50) or PEG�TLZ + TMZ (IC50 of each) and

total protein was extracted with cell lysis buffer (Cell Signaling Technology, #9803) containing Halt Protease

Inhibitor Cocktail (Thermo Fisher Scientific) and 1 mmol/L phenylmethylsulfonylfluoride (Sigma-Aldrich).

Protein concentrations of each lysate were measured with a Protein Assay Kit (Bio-Rad Laboratories) and

10 mg of total protein was separated on NuPAGE 4% to 12% Bis-Tris gels (Thermo Fisher Scientific). Proteins

were transferred to Immobilon-FL PVDF membranes (MilliporeSigma) and probed with antibodies for

PARP1 (Cell Signaling Technology #9532) and GAPDH (Cell Signaling Technology #2118). Primary anti-

bodies were diluted in Odyssey Blocking Buffer (LI-COR) with 0.1% Tween 20 (Sigma-Aldrich). Membranes

were incubated with IRDye 680 or IRDye 800CW-conjugated secondary antibodies (LI-COR) diluted in Od-

yssey Blocking Buffer with 0.1% Tween 20 and 0.01% SDS. Fluorescence was detected with an Odyssey CLx

Imaging System and analyzed with Image Studio software (LI-COR).

Drugs and formulation

PEG�TLZ was provided by ProLynx Inc. (San Francisco) and prepared according to approaches described

earlier, and TLZ was purchased from ApexBio and MedKoo (A4153; 204,710) (Fontaine et al., 2019, 2021).

Drug formulations were made in isotonic acetate buffer (pH 5) and sterile filtered through a 0.2 mm filter.

Formulated PEG�TLZ was stored at �80�C and thawed immediately prior to use. PEG�TLZ was adminis-

tered as a single intraperitoneal (I.P.) administration at 5, 10, and 20 mmol/kg. TMZ was administered per

orally (P.O.) at 30 and 40 mg/kg on day 3 or 4 following PEG�TLZ, for five consecutive days.

In vivo testing

Mice were maintained under barrier conditions and experiments were conducted using protocols and con-

ditions approved by The Institutional Animal Care and Use Committee (# 15015) at UT Health San Antonio.

In vivomethods developed in the PPTP (Houghton et al., 2007) were used in this study. All animal handling

procedures (tumor transplantation, drug formulation and administration, tumor measurement, etc.) were

undertaken in the class 2 biological safety cabinet. Immunocompromised mice were housed in sterile ca-

ges with sterile bedding (5 mice/cage) and provided irradiated commercial pelleted diet and sterile, acid-

ified water in bottles ad libitum. The room temperature was maintained at 21-26�C, relative humidity be-

tween 30 and 70%, and with a 14:10 day: night light cycle. Mice were selected for efficacy studies when

tumors were 200–400 mm3. Regrowth of tumors was determined following tumor regression. Endpoints

were time to event (defined as tumor growing to 400% of its volume at the initiation of treatment), EFS,

and percent tumor regression. Complete Regression (CR) was defined as tumor volume <40 mm3.

QUANTIFICATION AND STATISTICAL ANALYSIS

In vitro studies

The expected effects of each combination of PEG�TLZ and TMZ were calculated by adding the individual

effects of each drug. The expected effects were compared to the actual effect of the combination using

multiple unpaired t-tests with Holm-�Sı́dák corrections for multiple comparisons. All statistical testing

was 2-sided and was performed with an experimentwise significance level of 5% using Prism 9. All error

bars in Figure 1 represent mean G standard error of the mean for n = 3 independent experiments, with

each concentration tested in triplicate.
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All error bars in graphs for Figures 3 and 4 represent standard error of the mean for groups of 5 or 10 mice.

Paired control and treated EFS distributions were described with Kaplan Meier curves (Figure 5B). The

detailed description of the in vivo statistical analytic methods used in Figures 3, 4, and 5 is presented

here: An event is defined as a quadrupling of tumor volume from day 0. The exact time-to-event is esti-

mated by interpolating between the measurements directly preceding and following the event, assuming

log-linear growth. The significance of differences in EFS between experimental groups (e.g., treated vs

controls) was assessed with log rank tests. The significance of variation in EFS with group (control vs

treated) in SMT data was assessed with a proportional hazards model for paired survival data; EFS distri-

butions were summarized graphically with Kaplan-Meier curves. All statistical testing was 2-sided with a sig-

nificance level of 5%. Corrections for multiple comparisons were not applied. The software packages R and

SAS were used throughout.

The objective response categories are progressive disease (PD, which is subdivided into progressive dis-

ease without and with growth delay, PD1 and PD2 respectively, defined only for treated mice), stable dis-

ease (SD), partial response (PR), complete response (CR), and maintained complete response (MCR). For

solid tumor experiments, objective response categories are defined as follows: PD when <50% tumor

regression throughout study and >25% tumor growth at end of study; PD1 when PD and the mouse’s

time to event %200% the KM median time-to-event in control group; PD2 when PD but, additionally,

time-to-event is >200% of the Kaplan-Meier (KM) median time-to-event in control group; SD when <50%

tumor regression throughout study and%25% tumor growth at end of study; PR whenR50% tumor regres-

sion at any point during study, but measurable tumor throughout study period; CR when disappearance of

measurable tumor mass during the study period; MCR when no measurable tumor mass for at least 3

consecutive weekly readings at any time after treatment has been completed.

Overall group response is determined by the median response among evaluable mice as follows: Each in-

dividual mouse is assigned a score from 0 to 10 based on its response: PD1 = 0, PD2 = 2, SD = 4, PR = 6,

CR = 8, andMCR = 10, and themedian for the group determines the overall response. If themedian score is

half-way between two objective response number categories, the objective response is assigned to the

lower response category (e.g., an objective response score of 9 is scored CR). Studies in which toxicity is

>25%, or in which the control group is not SD or worse, are considered unevaluable and are excluded

from analysis. Treatment groups with PR, CR, or MCR are considered to have had an objective response.

Agents inducing objective responses are considered highly active against the tested line, while agents

inducing SD or PD2 are considered to have intermediate activity, and agents producing PD1 are consid-

ered to have a low level of activity against the tested line. For the single mouse testing (SMT), we report

time-to-event, area over the curve (AOC), minimum relative tumor volume (RTV), and the objective

response measure for each PDX or CDX model tested. For combination testing, the primary objective is

generally to demonstrate that the combination is significantly more effective than either agent utilized

at its optimal single agent dose/schedule. This condition is termed therapeutic enhancement, which rep-

resents a therapeutic effect for which a tolerated regimen of a combination treatment exceeds the optimal

effect achieved at any tolerated dose of monotherapy associated with the same drugs used in the combi-

nation. This definition is operationalized as follows: therapeutic enhancement is considered present when

the tumor growth delay (T-C) for a combination is greater than the tumor growth delay for each of the single

agents tested at their maximum tolerated dose (MTD) and when the EFS distribution for the combination

treatment is significantly better than the EFS distributions for both of the single agents tested at their MTD.

In order to control experiment-wise Type I error at 5%, statistical tests are evaluated at the Bonferroni-cor-

rected significance level a = 0.01 due to the five comparisons being made (combination vs. agent 1 alone,

combination vs. agent 2 alone, agent 1 vs. control, agent 2 vs. control, and combination vs. control). Testing

is considered not evaluable for therapeutic enhancement if either single agent used alone produces a me-

dian EFS beyond the observation period. If a treatment group exhibits excessive toxicity (>25% toxic

deaths), therapeutic enhancement is not evaluated.
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