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The first-in-class ERK inhibitor ulixertinib shows 
promising activity in mitogen-activated protein kinase 
(MAPK)-driven pediatric low-grade glioma models 
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Abstract
Background. Pediatric low-grade gliomas (pLGG) are the most common pediatric central nervous system tumors, 
with driving alterations typically occurring in the MAPK pathway. The ERK1/2 inhibitor ulixertinib (BVD-523) has 
shown promising responses in adult patients with mitogen-activated protein kinase (MAPK)-driven solid tumors.
Methods. We investigated the antitumoral activity of ulixertinib monotherapy as well as in combination with MEK 
inhibitors (MEKi), BH3-mimetics, or chemotherapy in pLGG. Patient-derived pLGG models reflecting the two most 
common alterations in the disease, KIAA1549:BRAF-fusion and BRAFV600E mutation (DKFZ-BT66 and BT40, respec-
tively) were used for in vitro and in vivo (zebrafish embryos and mice) efficacy testing.
Results. Ulixertinib inhibited MAPK pathway activity in both models, and reduced cell viability in BT40 with clin-
ically achievable concentrations in the low nanomolar range. Combination treatment of ulixertinib with MEKi or 
BH3-mimetics showed strong evidence of antiproliferative synergy in vitro. Ulixertinib showed on-target activity in 
all tested combinations. In vivo, sufficient penetrance of the drug into brain tumor tissue in concentrations above 
the in vitro IC50 and reduction of MAPK pathway activity was achieved. In a preclinical mouse trial, ulixertinib 
mono- and combined therapies slowed tumor growth and increased survival.
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Conclusions. These data indicate a high clinical potential of ulixertinib for the treatment of pLGG and 
strongly support its first clinical evaluation in pLGG as single agent and in combination therapy in a cur-
rently planned international phase I/II umbrella trial.

Key Points

• The ERKi ulixertinib is active in pLGG models in clinically achievable 
concentrations.

• Ulixertinib combination with MEK inhibitors or BH3-mimetics are synergistic in 
vitro.

• Ulixertinib significantly increased survival in BT40-PDX mouse model in vivo.

Pediatric low-grade glioma (pLGG) is the most common 
pediatric central nervous system (CNS) tumor.1 Its treat-
ment remains a challenge, mainly because of the associ-
ated chronic morbidity. Despite a favorable 10- and 20-year 
overall survival (OS) of 87% and 82%, respectively, overall 
10-year progression-free survival (PFS) remains low with 
58%,2 and patients with recurring disease often need mul-
tiple treatments. The preferred treatment is surgical resec-
tion,3 the efficacy of which is a major determinant of PFS, 
with a 10-year PFS of 82% after gross total resection vs 48% 
after sub-total resection.2 Additional standard of care (SOC) 
therapeutic modalities are chemotherapy (carboplatin/vin-
cristine,4 or vinblastine5) and radiotherapy. Chemotherapy 
has shown clinical benefit, but the effects are more pro-
nounced in patients with NF1-driven pLGG (3-year PFS 
80% or 92% for carboplatin/vincristine, or vinblastine, re-
spectively) compared to non-NF1-driven pLGG (3-year PFS 
55% or 56%).4,5 Thus, novel effective systemic treatments 
are needed.

pLGG is considered a single-pathway disease, with most 
driving alterations occurring in the mitogen-activated 
protein kinase (MAPK) pathway6 (most frequently 
KIAA1549:BRAF-fusion,7 BRAFV600E mutation,8 FGFR1 al-
terations,8 and NF1 mutations8), leading to oncogene-
induced senescence.9,10 Consequently, MAPK inhibitors 
(MAPKi), such as the MEK inhibitors (MEKi) selumetinib,11 

trametinib (NCT02124772) and binimetinib,12 and the BRAF 
inhibitors (BRAFi) dabrafenib13 and vemurafenib,14 have 
shown encouraging results in clinical trials. MAPKi treat-
ment induced a stable disease (SD) in most cases, and ob-
jective response rates of 30–54% only were achieved.11–14 
As with chemotherapy however, these therapies are fre-
quently accompanied by side effects, leading to treatment 
cessation,3 often followed by tumor growth rebound.11,13,15 
Therefore, additional approaches are required to improve 
the treatment’s efficacy in pLGG.

The MAPK pathway comprises three core nodes in what 
is usually thought of as a linear process: BRAF, MEK, and 
ERK.16 While BRAF and MEK have few direct downstream 
targets, ERK represents the pathway’s hub, with more 
than 150 cytosolic and nuclear downstream phosphoryla-
tion targets.17 Its ability to localize in many cellular com-
partments upon activation makes it a key player in the 
regulation of several cancer mechanisms.18 ERK is also 
involved in negative feedback loops regulating the MAPK 
pathway on the level of RAF,19 potentially enabling MAPK 
pathway reactivation after indirect inhibition by BRAFi 
or MEKi. Hence, direct targeting of ERK represents a dif-
ferent, novel, and promising approach for the treatment of 
MAPK-driven tumors.

Ulixertinib (BVD-523), a reversible, ATP-competitive, 
catalytic ERK1/2 inhibitor, is an orally administered 

Importance of the Study

Despite excellent overall survival rates, pediatric low-
grade glioma (pLGG) patients are at high risk of recur-
rence, and often suffer from extensive disease- and 
therapy-related morbidity. Complete resection is not al-
ways possible, and chemo-/radiotherapy fail to achieve 
complete remission, resulting in only partial response 
or stable disease. Thus, new therapeutic approaches 
are urgently needed. BRAF and MEK inhibitors are in 
clinical evaluation and show promising first results. 
However, variable responses to and rebound-growth 
after treatment with MAPKi remain clinical challenges, 

necessitating investigation of new compounds. We here 
present the first preclinical evidence for antitumoral ef-
ficacy of the first-in-class ERK inhibitor ulixertinib in 
pLGG in vitro and in vivo, significantly increasing mouse 
survival. Additionally, the synergistic combinations of 
ulixertinib with MEKi or BH3-mimetics warrant further 
exploration. These comprehensive preclinical data will 
support the first clinical evaluation of an ERKi for the 
treatment of pLGG in an international phase I/II umbrella 
trial.



 568 Sigaud et al. Preclinical analysis of ulixertinib in pLGG models

drug with an acceptable safety profile,20 with promising 
preclinical antitumoral activity in MAPK-driven adult 
tumors in vitro and in vivo.21,22 Ulixertinib is currently 
being tested in a clinical phase II trial with pediatric pa-
tients with MAPK pathway mutations (NCT03698994), 
and pediatric patients with relapsed solid and brain tu-
mors (NCT03155620). Its activity in pLGG however re-
mains unknown.

Ulixertinib has shown antitumoral synergy preclinically 
when used in combination with BRAFi in BRAF-mutant-
driven melanoma models.22 Other drugs for potential 
combination with ulixertinib in pLGG are 1)  MEKi, be-
cause targeting the MAPK pathway on two different 
nodes has demonstrated synergism in vitro in pLGG 
models,23 and clinical efficacy (NCT02124772), and could 
avoid the reactivation of the MAPK pathway after ERK in-
hibition; 2) BH3-mimetics, because they target senescent 
pLGG cells in vitro,24 as well as proliferating pLGG cells 
after initiation of therapy-induced senescence by MAPKi 
pretreatment25; and 3)  chemotherapy, the current SOC 
for pLGG.

Here, we generated an extensive preclinical dataset 
to evaluate the potential of ulixertinib for clinical devel-
opment in BRAF-driven pLGG patients. Ulixertinib was 
studied as mono- and combination-therapy with MEKi, 
BH3-mimetics, and chemotherapy, including in vitro and in 
vivo experiments.

Materials and Methods

Cell Culture

The pilocytic astrocytoma cell line (DKFZ-BT66; 
KIAA1549:BRAF-fusion) was cultured in its proliferative 
and senescent mode, as described.10 The pleomorphic 
xanthoastrocytoma cell line26 (BT40; BRAFV600E mutation 
and CDKN2A del; kindly provided by Prof. Houghton) was 
grown as described.10,23,24 DKFZ-BT66 and BT40 trans-
duced with a MAPK reporter construct (pDIPZ) were cul-
tured as described.23

Drug Treatments In Vitro

All experiments (unless stated otherwise) were performed 
in 384-well plates (Cat#3570, Corning). Metabolic ac-
tivity measurement was performed after 72 h drug treat-
ment, and luciferase activity after 24  h drug treatment, 
as described.23 For IC50 calculations see Supplementary 
Methods.

High Content Microscopy

Cells were seeded as indicated (Supplementary Table S1), 
treated for 72  h after five days, stained at room temper-
ature for 20 min as indicated in Supplementary Table S2, 
and imaged with an ImageXpress Micro Confocal high 
content microscope (Molecular Devices). Image analysis 
was performed with Cell Profiler Version 5.27 For details, 
see Supplementary Methods.

Synergy Analysis

A 5 × 5 matrix design and a ray design28 with seven rays 
were used to measure synergy metrics (synergy scores, 
CSS), as indicated (Supplementary Table S3). Synergy was 
assessed using the Loewe, Bliss independence, or highest 
single agent (HSA) model.29 For details on the choice of the 
synergy model, see Supplementary Methods.

In Vitro On-target Activity Validation

For ulixertinib on-target activity, cells were seeded in 
6-well plates and treated for 24 h with the corresponding 
drugs. For navitoclax on-target activity, cells were seeded 
in 10 cm dishes and treated for 4 h, as indicated. Samples 
were harvested, as described in Supplementary Methods.

Western Blot and Immunoprecipitation

Western blot analysis was performed as described.23 
Immunoprecipitation was done using Dynabeads™ Protein 
G Immunoprecipitation Kit (Invitrogen 10007D) following 
the manufacturer's instructions. For antibodies used, see 
Supplementary Table S4.

Reverse Phase Protein Array

Reverse-phase protein array (RPPA) was conducted at 
Theralink®, as described.30,31 For antibodies used, see 
Supplementary Table S5. Raw values were first normalized 
to beta-actin and then to DMSO control. Markers showing 
high coefficients of variation across replicates or discrep-
ancies in positive controls were excluded (Supplementary 
Figure S1).

Zebrafish Embryo Toxicity Assay, 
Xenotransplantation, and Treatment

AB strain wild-type zebrafish embryos were used. Breeding 
and husbandry of zebrafish, and embryo culture were 
done as described.32 For toxicity assay see Supplementary 
Methods. BT40 cells were labeled with CellTracker CM-DiI 
(Cat#C7000; Thermo Fisher Scientific). DKFZ-BT66_ON and 
DKFZ-BT66_OFF cells stably express RFP. Cell injection was 
done as previously described,32 at 48  h post fertilization 
using 8–10  µl of cell suspension (approx. 150–200 cells). 
For xenograft imaging and treatment, see Supplementary 
Methods.

BT40 Xenograft Mouse Model, Treatment, 
and Imaging

Six to seven weeks old female NSG (NOD.
Cg-PrkdcscidIl2rgtm1Wjl/SzJ—NOD SCID gamma mice) 
(Charles River, internal breeding) mice were used. Prior 
to injection, BT40 cells were transduced with a lentiviral 
luciferase reporter (pGreenFire1, Cat#TR010PA-1, SBI 
System Biosciences). Subsequently, cells (1.8–2.0 × 105 in 
4 µl media) were intracranially transplanted into the cortex 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data
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http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data


569Sigaud et al. Preclinical analysis of ulixertinib in pLGG models
N

eu
ro-

O
n

colog
y

(pharmacokinetic study: ML -1, AP -1, DV -1.5; preclinical 
study: ML -1, AP 1, DV -1.5). For bioluminescence measure-
ments, VivoGlo™ luciferin-solution (150 mg/kg; Cat#7903, 
BioVision) was injected intraperitoneally 10  min prior to 
imaging using the In Vivo Imaging System (IVIS) Lumina 
Series III (Caliper Life Sciences).

Pharmacokinetic Study

BT40 cells were injected (n = 56 mice) and tumor growth 
was verified by IVIS. The single dose cohort (n  =  28) re-
ceived one oral application of 80  mg/kg ulixertinib in 
0.25 ml per 25 g mouse. The multiple dose cohort (n = 28) 
was dosed twice daily (every 12  h) for five consecutive 
days. The pharmacokinetic study lasted 24  h after the 
last injection. For sample processing see Supplementary 
Materials.

Ulixertinib and Navitoclax Bioanalysis

Ulixertinib and navitoclax concentrations were ana-
lyzed using validated UPLC-MS/MS quantification assays 
(Supplementary Materials). Ulixertinib on-target activity 
was assessed in tissue samples (healthy tissue and tumor 
tissue) from each time point from both cohorts as de-
scribed in Supplementary Material.

In Vivo Preclinical Study

After orthotopic transplantation of BT40 cells into 48 
NSG mice within two days (24 mice/day), tumors were 
allowed to develop for two weeks. The groups were ran-
domly assigned to the following treatments: navitoclax 
(A), ulixertinib + navitoclax (B), ulixertinib + vinblastine 
(C), vehicle (D), vinblastine (E), ulixertinib (F), for applica-
tion and dosing, see Supplementary Materials. The con-
tinuous 19-day-treatment started three days after group 
distribution. The observation period with bi-weekly bio-
luminescence imaging started after reaching the average 
35.5 days latency of the model (occurrence of termination 
criteria due to tumor growth). All animal experiments were 
conducted in accordance with the local animal welfare 
regulations and have been approved by the responsible 
authorities (Regierungspräsidium Karlsruhe, Germany, ap-
proval number G-76/20).

Statistical Analysis and Graphical 
Representations

For details, see Supplemental Materials.

Results

Ulixertinib is Active in Clinically Achievable 
Concentrations in BRAFV600E Mutant and 
KIAA1549:BRAF-Fusion Cell Lines

To investigate the antitumoral activity of ulixertinib in vitro, 
we used the BRAFV600E mutant model “BT40” (proliferating 

cells), and the KIAA1549:BRAF-fusion model “DKFZ-BT66”, 
both in its proliferating (DKFZ-BT66_ON) and senescent 
mode (DKFZ-BT66_OFF), as described.10 In BT40, ulixertinib 
reduced metabolic activity at clinically achievable con-
centrations, with an IC50 of 62.7 nM (Figure 1A). Notably, 
compared to the IC50 values derived from 761 cancer cell 
lines in the Genomics of Drug Sensitivity in Cancer (GDSC) 
study,33 the metabolic IC50 in BT40 cells was remarkably 
low under the same treatment conditions (Figure 1G). 
Importantly, ulixertinib sensitivity was associated with 
BRAF-driving alterations in the pan-cancer dataset (Figure 
1H), and in its glioma subset (Figure 1I). Ulixertinib did not 
affect metabolic activity in DKFZ-BT66 proliferating (Figure 
1B) or senescent (Figure 1C) cells, as previously observed 
with various MAPK inhibitors.10,23 We used a MAPK re-
porter assay23 to assess ulixertinib potency, and showed a 
complete inhibition of the MAPK pathway in all three cell 
lines with IC50 of ~10  nM (Figure 1D–F). Taken together, 
these data indicate that ulixertinib is active in a clinically 
achievable nanomolar range in both BRAFV600E mutant and 
KIAA1549:BRAF-fusion pLGG cells.

Ulixertinib Acts Synergistically in Combination 
with MEKi and BH3-Mimetics In Vitro

We investigated potential antitumoral effects of ulixertinib 
in combination with MEK inhibitors (MEKi—binimetinib, 
selumetinib, trametinib), BH3-mimetics (A-1331852, 
navitoclax, venetoclax), and SOC chemotherapy 
(carboplatin, vinblastine). Metabolic IC50 was reached in 
clinically achievable concentrations with all single drugs 
except venetoclax and carboplatin (Supplementary Figure 
S2A; Supplementary Table S6). Of note, all BH3-mimetics 
had lower IC50 in the senescent pLGG cells compared to 
their proliferative counterpart, validating BH3-mimetics 
sensitivity dependency towards cell’s senescent priming 
rather than the MAPK pathway alteration status. The MAPK 
activity IC50 was also measured (Supplementary Figure 
S2B; Supplementary Table S6), and showed MEKi-induced 
inhibition of the MAPK pathway in the nanomolar range.

In the BRAFV600E mutant model, the combinations of 
ulixertinib with trametinib, binimetinib, or A-1331852 
showed synergy or additivity for most rays tested (Figure 
2A). Synergy scores in the matrix design ranged from syn-
ergy to additivity with a tendency towards buffering antag-
onism (i.e. when one drug masks the effect of the other) 
(Figure 2A). Increased drug sensitivity was also observed 
(Figure 2A, Supplementary Figures S3 and S4A). The syn-
ergistic interaction in the combination with binimetinib 
was observed with the MAPK reporter assay (Figure 2B, 
Supplementary Figures S5 and S6).

In the proliferating KIAA1549:BRAF-fusion model, syn-
ergy scores suggested synergy for the combination with 
BH3-mimetics (Figure 2C, Supplementary Figures S3 and 
S4B). Venetoclax showed the highest synergy scores, how-
ever, in concentrations higher than clinically achievable. 
The combinations with chemotherapy showed overall 
buffering antagonism (Figure 2C, Supplementary Figures 
S3 and S4B). The combinations with binimetinib and 
trametinib showed strong synergism, while the combi-
nation with selumetinib showed buffering antagonism 
(Figure 2D, Supplementary Figures S5 and S6).

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data
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http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data
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http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac183#supplementary-data
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In the senescent KIAA1549:BRAF-fusion model, com-
binations with BH3-mimetics showed synergy, with 
best results obtained in combination with navitoclax or 
A-1331852 (Figure 2E, Supplementary Figures S3 and S4C). 
The combinations with chemotherapy showed additivity 
with tendency towards buffering antagonism (Figure 2E, 
Supplementary Figures S3 and S4C). The combinations 

with binimetinib and trametinib had the highest synergy 
scores (Figure 2F, Supplementary Figures S5 and S6).

Consensus ranking of all class-related drugs based 
on their synergy scores (Supplementary Figure S7), fol-
lowed by a ranking across all readouts, identified the 
MEKi binimetinib and trametinib, and the BH3-mimetics 
navitoclax and A-1331852 as best combination partners 
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(highlighted dot = BT40).
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Fig. 1 Ulixertinib activity in vitro in BRAFV600E mutant and KIAA1549:BRAF-fusion pLGG cell lines. (A), (B), and (C) Metabolic activity IC50 meas-
ured in BT40 (A), DKFZ-BT66_ON (B), and DKFZ-BT66_OFF (C); (D), (E), and (F) MAPK reporter IC50 measured in BT40 (D), DKFZ-BT66_ON (E), 
and DKFZ-BT66_OFF (F); mean ± standard deviation of three independent biological replicates. Cmax, maximum concentration; Ctrough, trough 
concentration; MTD, maximum tolerated dose. (G) Summary of IC50 from the GDSC database and BT40 IC50. (H) Boxplot depicting ulixertinib’s IC50 
in all pan-cancer cell lines included in the GDSC dataset. (I) Boxplot depicting ulixertinib’s IC50 in glioma cell lines only from the GDSC dataset 
(highlighted dot = BT40).
  

(Figure 2G). Amongst the chemotherapeutics, carboplatin 
had the best consensus ranking. However, its poor clin-
ical profile34 and its IC50 out of clinical relevance in our 
models made vinblastine the overall best combination 
partner among the chemotherapeutic agents. Additionally, 
A-1331852 is currently not being evaluated clinically. 
A-1331852 and carboplatin were excluded to focus on clin-
ically relevant data.

Ulixertinib Shows On-target Activity in 
Combinations With MEKi, BH3-Mimetics, or 
Chemotherapy In Vitro

We investigated ulixertinib’s on-target activity in combina-
tion with a MEKi (trametinib), a BH3-mimetic (navitoclax), 
or chemotherapy (vinblastine), as a proof-of-concept. 
Phospho-ERK cannot be used as a direct readout to as-
sess ulixertinib on-target activity.22 Instead, several 
downstream ERK targets were investigated via RPPA and 
Western blot (Figure 2H). Samples treated with ulixertinib 
showed differential phosphorylation of ERK targets com-
pared to untreated samples (Supplementary Figure S8A), 
and a ulixertinib dose-dependent effect was observed in 
all combinations (Supplementary Figure S8B–D). Taken to-
gether, our data showed a dose-dependent inhibition of 
ERK target phosphorylation, indicating on-target activity in 
all investigated combinations.

On-target activity of BH3-mimetics at working doses 
(i.e. respective IC50) was also confirmed in all models 
(Supplementary Figure S9).

High Content Microscopy Validates Binimetinib 
and Navitoclax as Effective Combination Partners 
for Ulixertinib In Vitro

In BT40, single treatments with ulixertinib, MEK inhibitors, 
navitoclax, and vinblastine decreased cell number and vi-
ability. Apoptosis was detected upon single treatment with 
trametinib, binimetinib, and navitoclax, with the strongest 
apoptosis induction observed in the treatment with 
navitoclax (Supplementary Figure S10A–B). Scores sug-
gesting synergistic reduction of cell proliferation (Figure 
3A and Supplementary Figure S11A) and viability (Figure 
3B and Supplementary Figure S11B) were measured in the 
combinations of ulixertinib with binimetinib, selumetinib, 
and vinblastine. The combinations with binimetinib and 
navitoclax showed synergistic effects on cell death (Figure 
3C and Supplementary Figure S11C). Particularly, the com-
binations with binimetinib, trametinib, navitoclax, and vin-
blastine induced apoptosis in a synergistic manner (Figure 
3D and Supplementary Figure S11D).

In DKFZ-BT66, single treatment with BH3-mimetics de-
creased cell number and increased cell death in both pro-
liferating and senescent modes. Single chemotherapy 
treatment inhibited proliferation and induced cell death 
in the proliferating cells, while having no effect on the se-
nescent cells. All MAPKi, used as single agents, did not in-
duce cell death in either proliferating or senescent modes. 
While MAPKi did not alter cell numbers in the proliferating 
model, they increased cell number in the senescent model, 

associated with an increase of cell size (Supplementary 
Figure S12A–C). Scores suggesting antagonism on the pro-
liferation and cell size levels were found in all combinations 
tested in both proliferating and senescent cells (Figure 
3E–H, and Supplementary Figure S13A–D). The effects on 
induction of cell death were additive at best (Figure 3I and 
J, and Supplementary Figure S13E–F).

Consensus ranking of all drugs based on their synergy 
scores (Supplementary Figure S14), followed by a ranking 
across all readouts, identified binimetinib, navitoclax, and 
vinblastine as best combination partners for ulixertinib 
overall (Figure 3K).

A Zebrafish Embryo Study Validates Navitoclax 
and Binimetinib as Effective Combination 
Partners for Ulixertinib In Vivo

To date, the zebrafish embryo model represents the only 
alternative to study senescent pLGG in vivo. Noninjected 
zebrafish embryos were treated as indicted to determine 
the respective maximum tolerated dose (MTD) and lethal 
dose (LD) (Figure 4A, Supplementary Table S6). Ulixertinib 
was well tolerated by the zebrafish embryo up to 2.5 µM. 
Tumor growth in pLGG xenografts upon treatment was 
evaluated based on progressive disease over partial re-
sponse (PD/PR) ratio (Figure 4B and Supplementary Figure 
S15). Only in the proliferating DKFZ-BT66_ON xenografts 
did ulixertinib alone achieve a PD/PR ratio < 1.0 (Figure 4C). 
In all other models, this effect was only achieved with com-
bination treatments, substantially increasing treatment 
response compared to single treatments. The combina-
tion with navitoclax led to the best partial response rate 
compared to the combination with binimetinib in all three 
models (BT40 54% vs. 33%; DKFZ-BT66_ON 67% vs. 36%; 
DKFZ-BT66_OFF 23% vs. 22%) (Supplementary Figure 
S16A–C). These data identify navitoclax as a promising 
combination partner for ulixertinib to inhibit BRAF-driven 
pLGG tumor growth to be further validated in vivo.

Ulixertinib Toxicity, Pharmacokinetic, and 
Pharmacodynamic In Vivo Studies in Mice

The treatment of NSG mice twice daily for five consecu-
tive days with ulixertinib was not associated with weight 
loss, as a surrogate for toxicity (Supplementary Figure 
S17A). The average weight change after ulixertinib treat-
ment was −1.67  ±  5.84% (Supplementary Figure S17B). 
Pharmacokinetic studies were performed in BT40 patient-
derived xenograft (PDX) mice. Sampling was performed 
across a 24  h time window (Figure 5A) in both single-
dose (Figure 5B) and multiple-dose (Figure 5C) cohorts.35 
Plasma concentration-time profiles for the cohorts are 
shown in Figure 5D, and pharmacokinetic parameters in 
Table 1. Total ulixertinib concentrations in the brain were 
measured using tissue homogenates of healthy brain and 
tumor regions (tumor, cerebellum, cortex/other brain re-
gions) (Figure 5D). Ulixertinib disposition was comparable 
for malignant and healthy brain tissues. Ulixertinib showed 
low penetration of the blood–brain barrier with a brain 
disposition of 1.76% compared to plasma. Nevertheless, 
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Fig. 2 Synergy analysis and on-target activity of ulixertinib in combination with MEKi, BH3-mimetics, or chemotherapy. (A–F) Circular heatmaps 
summarizing the synergy results obtained in the tested combinations. Outermost ring: synergy scores of each ray; intermediate ring: average 
synergy score from the matrix design; innermost ring: combination sensitivity score from the matrix design. NA: synergy calculation not appli-
cable. (G) Consensus ranking of the drugs across synergy metrics and across drugs for each drug class. (H) Miniaturized signaling network based 
on ERK downstream cascade (direct downstream targets: STAT3, P90RSK, RSK; nuclear targets: CREB, MSK1; downstream regulated protein: 
DUSP6). Protein phosphorylation fold-change in treated cells relative to the DMSO control is depicted.
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ulixertinib brain total concentrations exceeded effective in 
vitro IC50 concentrations (30.4 ng/g) over the first 12 h after 
dosage in both cohorts. Hence, potentially effective brain 
concentrations were reached at steady-state.

To validate this, ulixertinib in vivo on-target activity was 
investigated by Western blot, in both healthy and tumor 
tissue from both treatment cohorts. Ulixertinib treatment 
induced a time-dependent inhibition of the DUSP6 protein, 
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Fig. 3 High content microscopy validation. (A–J) Circular heatmaps summarizing the synergy results obtained in the tested combinations via 
high content microscopy. Outermost ring: Synergy scores; innermost ring: combination sensitivity scores. NA, synergy calculation not applicable. 
(K) Consensus ranking of (A–J).
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correlating with the measured total drug tissue concentra-
tion (Supplementary Figure S18). No difference was ob-
served between malignant and healthy brain tissue.

Ulixertinib Treatment Demonstrates Antitumoral 
Efficacy In Vivo in a Murine Orthotopic 
pLGG Model

Treatment with the indicated drugs was started 2 weeks 
posttransplantation, aiming to complete the treatment 
period of 19 days within the average 35.5 days latency 
of the model (Figure 5E). Ulixertinib exhibited a sig-
nificant antitumoral activity in the PDX mouse model 

(Figure 5F), and slowed down tumor growth (log-rank 
test, P  =  .0019) with a median survival of 48.5  days in 
treated mice versus 30  days in mice receiving the ve-
hicle (Figure 5G). Neither navitoclax nor vinblastine in 
combination with ulixertinib (log-rank test, P = .1939 and 
P  =  .5551, respectively compared to ulixertinib treat-
ment) significantly improved this outcome (Figure 5G). 
We measured navitoclax concentration in the tumor 
tissue and found that only 3/6 mice in the navitoclax 
monotherapy group, and 1/6 mice in the combination 
group showed tumor tissue concentrations above the ef-
fective in vitro navitoclax IC50 (Supplementary Table S7), 
possibly explaining the low efficiency observed in the 
groups treated with navitoclax.
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Of note, pertaining tumor growth inhibition, ulixertinib 
outperformed the SOC chemotherapy (vinblastine) (Figure 
5G and Supplementary Figure S19). However, after ter-
mination of the treatment, tumor growth accelerated in 
all survivors, highlighting ulixertinib’s cytostatic activity 
(Figure 5F and Supplementary Figure S19). While all ther-
apies were generally well tolerated, some of the mice 
treated with navitoclax or vinblastine experienced a minor 
weight loss (<20%), independent of brain tumor-related 
symptoms (Supplementary Figure S20).

Discussion

Preclinical testing of novel drug candidates represents a 
necessary prerequisite for the development of new clin-
ical trials. It allows to 1)  assess their clinical potential, 
since drugs targeting the same pathway or belonging to 
the same class do not always have the same potency on a 
given model,23 and 2) anticipate potential unexpected un-
desirable effects. For instance, the multi-kinase (including 
BRAF) inhibitor sorafenib, was thought to be beneficial 
for the treatment of BRAF-driven low-grade astrocytomas, 
based on their driving BRAF alterations. But its clinical 
evaluation in a phase II study demonstrated an unexpected 
tumor growth acceleration, later explained in vitro by para-
doxical MAPK pathway activation.36

We here provide the first preclinical data describing the 
antitumoral activity of the first-in-class ERKi ulixertinib in 
BRAF-driven pLGG models. It showed a remarkable po-
tency in the BRAFV600E (BT40) model. Although no met-
abolic activity-related effects could be observed in the 
DKFZ-BT66 model, as previously described,10,23 ulixertinib 
showed comparable potency on MAPK pathway activity 
in the BRAF-fusion models, both DKFZ-BT66_ON, previ-
ously characterized as reflecting patients with high risk of 
progression, and DKFZ-BT66_OFF, reflecting patients with 
low risk of progression.10 The significant MAPK inhibition 
observed in proliferating and senescent models suggests 
that ulixertinib might be equally potent in both stable and 
progressive pLGG. In addition, ulixertinib’s strong po-
tency at clinically achievable concentrations suggests a 
promising therapeutic window for the treatment of pLGG. 
Importantly, no paradoxical MAPK activation consequent 
to ERK-related negative feedback loop inhibition was 
observed.

Our in vivo studies confirmed the good tolerability of 
ulixertinib at effective and clinically relevant concentra-
tions, and presented a pharmacokinetic profile consistent 
with previously published human phase I  pharmacoki-
netic data.20 We demonstrated its effective brain pene-
trance, reaching concentrations sufficient to induce MAPK 
pathway inhibition, in line with its CNS activity previously 
demonstrated clinically in glioblastoma multiforme and 
brain metastases.20 Ulixertinib disposition in healthy and 
tumor tissue was similar, highlighting its ability to cross 
an intact BBB in a limited but efficient manner. Indeed, 
the achieved tissue concentrations were above the in vitro 
IC50, which efficacy was confirmed by its inhibitory effect 
on the MAPK pathway’s surrogate marker DUSP6. In fact, 
ulixertinib, a catalytic ERKi, is a potent inhibitor of ERK   
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kinase activity, but not of its phosphorylation by upstream 
MEK, making phospho-ERK impossible to use to assess 
ulixertinib’s MAPK inhibition efficacy.21 MAPK downstream 
effectors were therefore suggested as reliable surrogates 
of MAPK activity to assess ulixertinib effects.22 DUSP6 pro-
tein expression has been described as an accurate marker 
of elevated RAF/MEK/ERK pathway output in several 
MAPK-driven cell lines.37,38 Indeed, Germann et  al. have 
confirmed that quantifying MAPK downstream targets (i.e. 
DUSP6) was a reliable pharmacodynamic biomarker for 
ulixertinib-mediated inhibition of ERK1/2 activity.22 While 
the effects on the tumor tissue led to tumor stabilization 
and prolonged survival, its effects on the normal tissue 
did not impair the well-being of the mice, as estimated by 
weight loss, behavior, and grooming routine monitoring. 
To our knowledge, our study is the first to provide an 
in-depth pharmacokinetic and pharmacodynamic analysis 
of ulixertinib brain tissue penetrance and activity in an in 
vivo model.

Ulixertinib delayed tumor growth and led to a signif-
icant survival increase in our BT40-PDX mouse model, 
probably via induction of cell death, as demonstrated in 
our study in vitro, and already observed in vivo at sim-
ilar concentrations in KRAS-driven tumor xenografts.39 
This response pattern in vivo is similar to the one ob-
served in a preclinical evaluation of the type 2 BRAFi 
tovorafenib (DAY101) in orthotopic mouse models 
(BRAFV600E- and KIAA1549:BRAF-transduced p53−/− 
neuro-progenitor cells),40 which has since shown prom-
ising antitumor activity in a phase I  study.41 In terms 
of survival, ulixertinib outperformed chemotherapy 
during treatment, consistent with another preclin-
ical study showing its significant survival benefit over 
chemotherapy (temozolomide) in a BRAFV600E-driven 
melanoma A375-PDX mouse model.22 Taken together, 
our in vivo findings are suggestive of strong clinical 
significance of ulixertinib in BRAF-driven pLGG, and 
will support its first clinical evaluation as mono- and 
combination-therapy in pLGG in a currently planned in-
ternational phase I/II umbrella trial.

Several drugs have been investigated as putative com-
bination partners for ulixertinib, such as inhibitors of 
HER/ErbB, PI3K, and hydroxychloroquine.39,42,43 However, 
only few combinations are currently under clinical in-
vestigation, for example with palbociclib in advanced 
pancreatic and other tumors (NCT03454035), and with 
hydroxychloroquine in gastrointestinal adenocarcin-
omas (NCT04145297). Here, we established a unique 
multi-layered integrated combination screen to identify 
clinically relevant combination partners for ulixertinib 
for the treatment of BRAF-driven pLGG. A  limitation of 
this pipeline was the amount of pLGG models used. As 
has been discussed extensively/previously in the lit-
erature, the lack of reliable pLGG models remains a 
major drawback to date, with current cellular models 
not fully recapitulating the true pLGG biology.44 An al-
ternative is the use of primary patient-derived models, 
however strictly limited by their low proliferation rate, 
preventing their use in large scale screening pipeline. 
The DKFZ-BT66 remains the only model to date capable 
of transiently increasing its proliferation via the inducible 
expression of the SV40 large T antigen (DKFZ-BT66_ON) 

allowing their expansion, while still recapitulating the 
true biology of pLGG, in particular when repressing the 
expression of the SV40 large T antigen (DKFZ-BT66_OFF) 
after expansion.10 Hence, together with the pleomorphic 
xanthoastrocytoma-derived model BT40, they represent 
the only proliferating pLGG cell models usable on a large 
scale for such screens.

A first efficient combination partner for ulixertinib was 
recently demonstrated by a study in pancreatic cancer 
models showing moderate to strong synergism of 
ulixertinib combined with chemotherapy (gemcitabine) 
in vitro, and strong synergism in tumor volume reduc-
tion in vivo.39 In our study, the combination of ulixertinib 
with vinblastine showed moderate synergy in vitro, and 
was moderately more beneficial for survival compared 
to vinblastine alone in vivo, potentially indicating clinical 
relevance.

German et  al. have demonstrated strong syner-
gistic activity of ulixertinib in combination with BRAFi 
(dabrafenib) in a BRAFV600E-mutant melanoma model 
in vivo.22 We have previously published the first data on 
synergistic suppression of MAPK activity by the combina-
tion of type I or II RAFi and ERKi in pLGG models in vitro, 
including ulixertinib and the second-generation type 
I  BRAFi encorafenib.23 It has also been shown that the 
coinhibition of both ERK and MEK resulted in extensive 
and durable suppression of MAPK activity, showing syn-
ergistic effects in KRAS-driven PDAC and NSCLC models 
in vivo.45 Here, combinations of the ERKi ulixertinib with 
MEKi showed promising results. In particular, the MEKi 
binimetinib consistently topped the synergy rankings 
in the in vitro screens and showed antitumoral poten-
tial in combination with ulixertinib in the zebrafish em-
bryo model. Interestingly, selumetinib in combination 
with ulixertinib showed indications for synergy in the 
BRAFV600E mutant model, but only additive effects in 
the KIAA1549:BRAF-fusion model. This suggests that 
the combination of ulixertinib with selumetinib might 
have a therapeutic benefit in BRAFV600E pLGG, which 
is of high clinical interest since the PFS upon treatment 
with selumetinib monotherapy is lower in pLGG with 
BRAFV600E compared to KIAA1549:BRAF-fusion.11 It is 
important to note however that a recent phase Ib study, 
evaluating the combination of the MEKi cobimetinib with 
the ERKi GDC-0994 in adult, showed limited tolerability.46

Finally, strong synergism of ulixertinib with the BH3-
mimetic S63845 (MCL-1 inhibitor) was recently dem-
onstrated in rhabdomyosarcoma cells in vitro.47 We 
demonstrated clear synergy of ulixertinib with BH3-
mimetics in all BRAF-driven pLGG models. Navitoclax 
consistently showed synergism with ulixertinib in vitro, 
and the highest partial remission rate in zebrafish em-
bryo models, while moderately exceeding the effects of 
navitoclax alone in the in vivo mouse model. This last ob-
servation could be explained by insufficient blood–brain 
barrier penetration of navitoclax, suggested by measured 
tumor concentrations below potentially effective values, 
in line with already published data.48–50 Importantly, the 
Bcl-xL inhibitor A-1331852 showed the highest synergy 
scores across all models in the metabolic activity screen in 
vitro. Encouraging preclinical evidence supports the use 
of BH3-mimetics to target oncogene- and therapy-induced 
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senescent cells.24,25 The use of Bcl-xL inhibitors could 
therefore represent a promising approach to be evaluated 
for pLGG treatment.

In conclusion, our data demonstrate the clinical rel-
evance of the ERKi ulixertinib for the treatment of BRAF-
driven pLGG, and will support its first clinical evaluation as 
single agent and in combination in a phase I/II combination 
umbrella trial in relapsed pLGG.
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Supplementary material is available at Neuro-Oncology 
online.
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