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Abstract

Background: Besides the hallmark of H3K27M mutation, aberrant amplifications of
receptor tyrosine kinases (RTKs) are commonly observed in diffuse midline glioma
(DMG), a highly malignant brain tumor with dismal prognosis. Here, we intended to
evaluate the efficacy and safety of a multitarget RTK inhibitor anlotinib in patients
with H3K27M-DMG.

Methods: A total of 40 newly diagnosed H3K27M-DMG patients including 15 with
anlotinib and 25 without anlotinib treatment were retrospectively enrolled in this
cohort. Progression-free survival (PFS), overall survival (OS), and toxicities were as-
sessed and compared.

Results: The median PFS and OS of all patients in this cohort were 8.5 months (95%
Cl, 6.5-11.3) and 15.5months (95% Cl, 12.6-17.1), respectively. According to the
Response Assessment in Neuro-Oncology (RANO) criteria, the disease control rate in
the anlotinib group [93.3%, 95% confidence interval (Cl), 70.2-98.8] was significantly
higher than those without anlotinib (64%, 95% Cl: 40.5-79.8, p=0.039). The median
PFS of patients with and without anlotinib was 11.6 months (95% Cl, 7.8-14.3) and
6.4 months (95% Cl, 4.3-10.3), respectively. Both the median PFS and OS of DMG pa-
tients treated with anlotinib were longer than those without anlotinib in the infraten-
torial patients (PFS: 10.3 vs. 5.4 months, p=0.006; OS: 16.6 vs. 8.7 months, p=0.016).
Multivariate analysis also indicated anlotinib (HR: 0.243, 95% Cl: 0.066-0.896,
p=0.034) was an independent prognosticator for longer OS in the infratentorial sub-
group. In addition, the adverse events of anlotinib administration were tolerable in
the whole cohort.

Conclusions: This study first reported that anlotinib combined with Stupp regimenis a
safe and feasible regimen for newly diagnosed patients with H3K27M-DMG. Further,
anlotinib showed significant efficacy for H3K27M-DMG located in the infratentorial

region.
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1 | INTRODUCTION

H3K27M mutation was identified and associated with poor survival
in diffuse intrinsic pontine glioma (DIPG).! Thus, the new entity
termed as “H3K27M mutant diffuse midline glioma (DMG)” has been
proposed in the 2016 WHO classification of central nervous system
(CNS) tumor, which integrated histopathology and molecular abnor-
malities.? Previous studies indicated that H3K27M-DMG predomi-
nantly occurs in children and adolescents and was relatively rarely
found in adults.® Owing to the high mortality, H3K27M-DMG is the
leading cause of CNS tumor-related death in the pediatric population,
accounting for about 10%-15% of all brain tumor deaths.* Although
comprehensive treatments containing surgical resection and chemo-
radiotherapy are adopted, the median overall survival (OS) of chil-
dren with H3K27M-DMG is only 9-12months, with 2-year survival
of less than 10% since the time of diagnosis.3’5 Moreover, several
studies showed the prognosis differed significantly between tumors
in different anatomical localizations. Infratentorial H3K27M-DMG,
particularly in the brainstem, showed worse survival than those lo-
cated in the supratentorial region.®”

The conventional treatments of H3K27M-DMG include surgi-
cal resection and chemoradiotherapy. Surgical resection is often
restricted because of the high risk of neurological deficits. Due to
the infiltrative and diffuse biological behavior, as well as anatomic
adjacent of the critical brain eloquent areas such as brainstem
and thalamus, total resection of H3K27M-DMG is nearly imprac-
tical.® Temozolomide (TMZ) is the mainly used chemotherapy for
H3K27M-DMG, even though most of the treated patients have
TMZ resistance due to the intact blood-brain barrier (BBB) and the
specific genetic phenotype of O6 methylguanine-DNA methyltrans-
ferase (MGMT) promoter unmethylation.? While radiotherapy offers
temporary symptom relief and survival prolongation (70%-80% of
patients),lo'11 tumor recurrence in the short term remains inevitable.

Recent studies focused on disclosing the epigenetic and genetic
features of DMG to find novel therapeutic ta\rgets.12 The hallmark
H3K27M mutation disrupts trimethylation at histone H3 lysine 27,
leading to increased H3K27 acetylation and overexpression of genes
involved in stem cell differentiation and tumorigenesis.13 Besides, ab-
errant amplification or mutation of receptor tyrosine kinases (RTKs)
were also found in the H3K27M-DMG. Among them, platelet-derived
growth factor receptor A (PDGFRA) amplification occurredin 32%-36%
of DIPG, and epidermal growth factor receptor (EGFR) overexpression
or amplification was present in 22.9%-27% of DMG.' Previous stud-
ies also demonstrated that PDGFRA amplification occurred more fre-
quently in brainstem tumors, while fibroblast growth factor receptor 1
(FGFR1) mutation was usually limited in the thalamus.'>*> Both PDGFR
inhibitor dasatinib and FGFR inhibitor panatinib exhibited antitumor ef-
fects in preclinical studies of DIPG.1Y” However, a single RTK inhibitor

had not shown satisfactory outcomes in DMG patients.*®*’ This is par-
tially due to incomplete pathway network inhibition. Therefore, tar-
geting multiple RTKs holds promise for enhanced antitumor efficacy in
the treatment of H3K27M-DMG.

Anlotinib is an oral multitargeted RTK inhibitor against tumor
growth and angiogenesis by targeting PDGFR, FGFR, vascular-
endothelial growth factor receptor (VEGFR), c-kit, and Ret.?® Currently,
anlotinib has been approved by China National Medical Products
Administration for the treatment of nonsmall-cell lung cancer (NSCLC),
small cell lung cancer, soft tissue sarcoma, and medullary thyroid can-
cer. In addition, anlotinib could cross the BBB confirmed by in vivo ex-
periments and advanced NSCLC with brain metastasis.?! On the other
hand, radiotherapy could increase the permeability of blood-brain
barrier and increase anlotinib concentration in brain tissue. Thus, com-
bining radiotherapy with anlotinib would benefit patients with brain
metastases and gliomas.Zz’23 Recently, several studies demonstrated
anlotinib had favorable outcomes and tolerable adverse events (AEs)
for recurrent high-grade gliomas.?*2° In our previous study, we also re-
vealed the anlotinib combined with temozolomide could improve both
progression-free survival (PFS) and OS in the treatment of recurrent
GBM with tolerant AEs.? However, the efficacy of anlotinib treatment
for H3K27M-DMG has rarely been reported. So far, only two sporadic
cases have been retrieved on the experimental clinical application of
anlotinib.?”?8 Both the two patients achieved a satisfactory response
with no serious AEs.

Based on the antiangiogenic and antitumoral effect of anlotinib
as a multitargeted RTKs inhibitor as well as the frequently aberrant
amplifications or mutation of RTKs in DMG, and previous favorable
outcomes in two progressive DMG cases, we performed this cohort
study to evaluate the efficacy and safety of anlotinib in patients with
H3K27M-DMG and also attempted to explore the genetic biomark-
ers of clinical benefits from anlotinib.

2 | METHODS
2.1 | Participants

Data of 40 patients with confirmed H3K27M-DMG were retrospec-
tively analyzed between July 2018 and November 2021 at Xiangya
Hospital of Central South University. Based on the different treat-
ment regimens, patients were divided into with anlotinib treatment
or without anlotinib treatment and matched the baseline data. The
inclusion criteria were as follows: (1) newly diagnosed intracranial
DMG on the basis of pathologic diagnosis of H3K27M-DMG ac-
cording to the 2016 WHO classification of tumors of CNS (including
tumors located at midline structures in the brain, tumor with histo-
logical characteristics of glioma, tumors with diffuse and infiltrative
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growth and H3K27M mutation confirmed both by immunohisto-
chemistry (IHC) and/or Sanger sequencing); (2) newly diagnosed
DMG with standard therapy, including surgical resection/stereo-
tactic biopsy, concurrent chemoradiotherapy (CCRT), and adjuvant
chemotherapy (AC) with TMZ according to Stupp regimen; (3) ad-
equate organ function revealed by normal blood and urine routine,
liver and kidney function, coagulation function, and electrocardio-
gram; (4) with complete follow-up data, including regular Magnetic
Resonance Imaging (MRI) evaluation, symptom changes, and cortisol
administration. The exclusion criteria were as follows: (1) gangli-
oglioma or ependymoma with H3K27M mutation; (2) patients with
relapsed DMG or treated with chemotherapy, radiotherapy, or tar-
get therapy before the confirmed diagnosis of H3K27M-DMG; (3)
with other malignant tumors or serious complications; (4) history of
cerebral hemorrhage or infarction, stroke, transient ischemic attack,
uncontrollable hypertension, history of myocardial infarction or un-
stable angina pectoris or arteriovenous thrombosis events within
6months; (5) contraindication of TMZ, radiotherapy or anlotinib;
(6) insufficient information on previous clinicopathological features
or missing follow-up data; (7) patients could not tolerate combined
therapy or refuse. This study was approved by the Ethics Committee
of Xiangya Hospital, Central South University (No. 202302015). All
patients provided written informed consent and the patients' data
were kept confidential.

2.2 | Treatment

All the patients experienced the surgery, either cranial resection or
stereotactic biopsy. Based on the extent of surgical resection, pa-
tients who experienced cranial resection were divided into gross
total resection (GTR) (degree of resection 95%) and non-GTR (de-
gree of resection less than 95%). After surgery, all patients received
intensity-modulated radiotherapy (IMRT) with 54-60Gy in 30 frac-
tions, 1.8-2.0 Gy per day and 5 days a week for 6 weeks. According to
Stupp regimen, concurrent chemotherapy TMZ (75 mg/mz/day) was
orally administrated during IMRT. AC with TMZ was administrated
after IMRT at most 6 cycles. The dose of a cycle was 150-200mg/
m2/day for 5 consecutive days, with 23 days of rest, and 28 days for
a cycle of treatment. In anlotinib group, anlotinib was orally adminis-
trated 12mg daily in 21-daycycle (14 days on treatment from Day 1
to Day 14, 7days on treatment from Day 15 to Day 21) initiated on
the first day of radiation therapy and followed by adjuvant treatment
with the same dosing schedule until patients have disease progres-
sion or intolerable toxicities as previous studies recommended.?%??
Dosage would be reduced if intolerable grade 3 AEs occurred.
Patients without anlotinib treatment received CCRT and AC only.

2.3 | Efficacy evaluation and AEs

The efficacy was evaluated according to the Response Assessment
for Neuro-oncology (RANO) criteria.>® MRI were performed every
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3months or if symptoms worsened. Regular follow-up visits were
performed until disease progression or death. Disease status con-
taining complete remission (CR), partial remission (PR), stable dis-
ease (SD), or progressive disease (PD) were assessed based on MRI
and clinical symptoms. Disease control rate (DCR) was defined as the
sum of PR, CR, and SD. PFS and OS were defined since the time from
diagnosis (date of surgery). AEs were evaluated according to the
National Cancer Institute-Common Terminology Criteria Adverse
Events version 4.0 (NCI-CTCAE 4.0).

2.4 | Statistical analysis

Statistical analyses were performed by GraphPad Prism 8 (GraphPad
Software, La Jolla, CA, USA) and SPSS 23.0. The baseline and AEs
data of patients were obtained by direct counting. PFS and OS were
analyzed by Kaplan-Meier survival curves and compared by log-rank
test. Univariate and multivariate survival analyses were performed
using the Cox proportional hazard model. Statistical analyses were
performed using Student t test or Chi-square (Fisher exact) test. p

Value <0.05 were defined as statistically significant.

3 | RESULTS
3.1 | General characteristics

A total of 40 newly diagnosed H3K27M-DMG patients were in-
cluded in this study. The baseline characteristics of all the patients
are shown in Table 1. The median age was 17.5years old (range,
4-65vyears). There were 22 (55.0%) patients located in supraten-
torial and 18 (45.0%) patients located in infratentorial region. The
median tumor size was 24.0cm®. Most of patients (with anlotinib:
86.7%, without anlotinib: 84.0%) had a single lesion. Thirty-six
(90.0%) patients received surgery resection including GTR (27.5%)
and non-GTR (62.5%) in the whole cohort. Only one (4.0%) patient
had IDH mutant in the group without anlotinib and one (6.7%) pa-
tient had MGMT promotor methylation in the group with anlotinib.
There were 10 (66.7%) patients in the group with anlotinib and 13
(52.0%) patients in the group without anlotinib exhibiting a Ki-67
index above 20%. The incidence rates of ATRX loss were similar in
two groups.

3.2 | Survival data and prognostic factors in the
whole cohort

The median follow-up time was 25.9 months (95% Cl, 17.1-57.0).
Until the follow-up endpoint, 33 (82.5%) patients were dead. The
median PFS and OS of all patients in this cohort were 8.5 months
(95% Cl, 6.5-11.3) and 15.5months (95%Cl, 12.6-17.1), respec-
tively. According to RANO criteria, one patient achieved CR, three
had PR, 10 experienced SD, and one developed PD in patients
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Characteristics, n (%)

No. cases
Age
<18
218
Sex
Male
Female
KPS
<70
270
Tumor location
Thalamus
Corpus callosum
Basal ganglia
Brain stem
Others
Tumor size (cm?)?
Mean+SD
<Median
>Median
Tumor number
Single lesion
Multiple lesion
LMD
Extent of surgery
Non-GTR
GTR
Biopsy
Molecular alteration

IDH

ATRX

+
PFS (months)

LIU ET AL.
TABLE 1 The baseline characteristics of 40 H3*?”M-mutant DMG patients with and without anlotinib stratified by tumor location.

Total Supratentorial Infratentorial
With Without With Without With Without
anlotinib anlotinib p anlotinib anlotinib p anlotinib anlotinib p
15 25 9 13 6 12

0.327 0.157 0.688
6(40.0) 14 (56.0) 1(11.2) 5(38.5) 5(83.3) 9(75.0)
9 (60.0) 11 (44.0) 8(88.9) 8(61.5) 1(16.7) 3(25.0)

0.327 1.000 0.344
9 (60.0) 11 (44.0) 6(66.7) 8(61.5) 3(50.0) 3(25.0)
6(40.0) 14 (56.0) 3(33.3) 5(38.5) 3(50.0) 9(75.0)

0.444 0.544 1.000
4(26.7) 4(16.0) 2(22.2) 1(7.7) 2(33.3) 3(25.0)
11 (73.3) 21(84.0) 7(77.8) 12 (92.3) 4(66.7) 9 (75.0)

0.529 0.417 -
8(53.3) 11 (44.0) 8(88.9) 11 (84.6) 0
0(0) 1(4.0) 0(0) 1(7.7) 0
0(0) 1(4.0) 0(0) 1(7.7) 0
6 (40.0) 12 (48.0) 0(0) 0(0) 6(100.0) 12 (100.0)
1(6.7) 0(0) 1(11.1) 0(0) 0

0.505 0.674 0.321
24.0+17.8 24.2+24.4 28.2+215 34.8+29.6 17.7+7.8 12.8+8.3
8(53.3) 16 (64.0) 6(66.7) 7(53.8) 2(33.3) 8 (66.7)
7 (46.7) 9 (36.0) 3(33.3) 6(46.2) 4(66.7) 4(33.3)

0.733 0.660 1.000
13(86.7) 21(84.0) 7(77.8) 10 (76.9) 6(100.0) 11(91.7)
2(13.3) 3(12.0) 2(22.2) 2(15.4) 0(0) 1(8.3)
0(0.0) 1(4.0) 0(0) 1(7.7) 0(0) 0(0)

0.662 0.151 0.529
10 (66.7) 15 (60.0) 4(44.5) 5(38.5) 6(100.0) 10(83.3)
3(20.0) 8(32.0) 3(33.3) 8 (61.5) 0(0) 0(0)
2(13.3) 2(8.0) 2(22.2) 0(0) 0(0) 2(16.7)

1.000 1.000
15 (100.0) 24 (96.0) 9 (100.0) 13 (100.0) 6(100.0) 11 (91.7)
0(0.0) 1(4.0) 0(0.0) 0(0.0) 0(0.0) 1(8.3)

0.375 0.409
14 (93.3) 25 (100.0) 8(88.9) 13(100.0) 6(100.0) 12 (100.0)
1(6.7) 0(0.0) 1(11.2) 0(0.0) 0(0.0) 0(0)

0.364 0.203 1.000
5(33.3) 12 (48.0) 2(22.2) 7(53.8) 3(50.0) 5(41.7)
10 (66.7) 13(52.0) 7(77.8) 6(46.2) 3(50.0) 7 (58.3)

1.000 1.000 1.000
3(20.0) 4(20.0) 3(33.3) 3(27.3) 0 1(11.1)
12 (80.0) 16 (80.0) 6(66.7) 8(72.7) 6 (100.0) 8(88.9)

0.216 0.864 0.006
11.8+4.9 9.8+9.8 12.3+4.9 13.9+12.1 11.1+5.4 54+24

Mean +SD
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Total Supratentorial Infratentorial
With Without With Without With Without
Characteristics, n (%) anlotinib anlotinib p anlotinib anlotinib p anlotinib anlotinib p
Median 11.6 6.4 12.8 10.4 10.3 5.4
OS (months) 0.172 0.820 0.016
Mean+SD 18.1+6.3 15.6+11.2 19.6+6.6 21.1+13.0 16.0+5.7 9.6+4.1
Median 17.1 12.9 18.9 18.4 16.6 8.7

Abbreviations: ATRX, alpha-thalassemia mental retardation X-linked; GTR, gross total resection; IDH1/2, isocitrate dehydrogenase 1/2; KPS,
Karnofsky performance status; LMD, leptomeningeal dissemination; MGMT, O(6)-methylguanine-DNA methyltransferase; OS, overall survival; PFS,
progression-free survival; SD, standard deviation.

*The median tumor size of all patients was 24.0 cm®. The median tumor size of patients with supratentorial and infratentorial tumors were 24.0 and

13.5cm®, respectively.

(A) 100 (B) 100
—— Ctrl — Ctrl
—— Anlotinib —— Anlotinib
g 75 P=0.216 T 757 p=0.172
E €
—_
> >
» 50— » 50
T T
Q ) n=15
c :
5 O 254
[a n=15 o o5
n=25 n=29
1
0 T T 1 0 T T 1
0 20 40 60 0 20 40 60
©) Months Months
Variables PFS 0os
Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
P HR(95%Cl) P HR(95%Cl) P HR(95%Cl) P
Anlotinib treatment — 0.222 _ 0.605 (0.291-1.255) 0.177
Male sex —_— 0.124 —_— 0.940 (0.468-1.892) 0.863
Pediatric patients —— 0.079 —— 1.931 (0.945-3.944) 0.071
KPS <70 P — 0.289 ————  2.539(1.068-6.032) 0.035
Supratentorial location —_— 0.006 —— 0.392 (0.202-0.763) 0.006 —_— 0.384 (0.180-0.816) 0.013
Gross total resection —_— 0.045 —_— 0.258 (0.095-0.701) 0.008 -~ 0.210 (0.067-0.655) 0.007
Separate lesion —_— 0.645 —_— 1.034 (0.463-2.310) 0.934
Tumor size < 24 cm? —_— 0.441 —_— 0.679 (0.341-1.351) 0.270
Ki-67 < 20% — 0.052 —_— 0.419 (0.201-0.872) 0.020
ATRX loss _— 0.220 ———— 2669 (1.092-6.518) 0.031 — 3.255 (1.292-8.203) 0.012
0.1 1.0 10 0.1 1.0 10 0.1 1.0 10 0.1 1.0 10

HR(95%CI) HR(95%CI) HR(95%CI)

HR(95%CI)

FIGURE 1 Kaplan-Meier curves of PFS (A) and OS (B) in the entire cohort. (C) Univariate and multivariate analyses of PFS and OS of

all patients, based on treatment (with or without anlotinib), sex, age, KPS, tumor location (supratentorial or infratentorial region), extent

of resection (GTR or non-GTR/biopsy), tumor number (single lesion or multiple lesion), tumor size, and the expression of Ki-67 and ATRX.
GTR, gross total resection; KPS, Karnofsky performance status; OS, overall survival; PFS, progression-free survival; ATRX, ATRX chromatin

remodeler.

treated with anlotinib; while in the patients without anlotinib treat-
ment, three patients reached CR, one patient had PR, 12 patients
kept SD, and 9 developed PD. The disease control rate in anlotinib

group (93.3%, 95% Cl, 70.2-98.8) was significantly higher than that
without anlotinib (64%, 95% Cl, 40.5-79.8, P=0.039). The median
PFS of patients with and without anlotinib was 11.6 months (95%
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1 Ctrl —— Ctrl
—— Anlotinib —— Anlotinib
T 757 P=0.864 T 757 P=0.820
£ =
=) >
& 50 & 50
[ C
(0] (0]
e o
(0] — () -
P 25 L 25 n=13
5 n=13 9 ’
n= n=
0 T I 1 1 0 T T 1
0 20 40 60 0 20 40 60
Months Months
(0)100 (D)100
—— Citrl — Citrl
—— Anlotinib —— Anlotinib
T 757 P=0.006 T 757 P=0.016
€ €
> >
» 50 92 50 —
= e n=6
(0] (O]
e o
Sf 25— n=6 S_) 25—
n=12
n=12
0 | | | I | 0 | | | | |
0 5 10 15 20 25 0 5 10 15 20 25
Months Months

FIGURE 2 Kaplan-Meier curves of PFS (A) and OS (B) in the patients with supratentorial tumor, and PFS (C) and OS (D) in the patients
with infratentorial tumor. PFS, progression-free survival; OS, overall survival.

Cl, 7.8-14.3) and 6.4 months (95% Cl, 4.3-10.3), respectively. The
median OS of patients with and without anlotinib was 17.1 months
(95% ClI, 15.2-21.5) and 12.9 months (95% Cl, 9.2-16.9), respec-
tively. Both median PFS and OS of patients with anlotinib were
longer than those without anlotinib. However, the Kaplan-Meier
survival curves and log-rank tests showed no statistical signifi-
cance in PFS (p=0.216) or OS (p=0.172) between the two groups
(Figure 1A,B). Compared with the tumor located in the infratento-
rial region, supratentorial H3K27M-DMG had a significantly better
prognosis both in PFS (p=0.006) and OS (p=0.013). The patients
experienced GTR had a better survival both in PFS (p=0.045) an
OS (p=0.008) than those experienced non-GTR or stereotactic
biopsy. Besides, KPS>70 (p=0.035), Ki-67 <20% (p=0.020) and
ATRX intact (p=0.031) also indicated a longer OS. Multivariate
survival analysis with the Cox proportional hazard model showed
supratentorial lesion (HR: 0.392, 95% Cl: 0.202-0.763, p=0.006)
was an independent prognostic factor for PFS, and GTR (HR:
0.210, 95% Cl, 0.067-0.655, p=0.007) and ATRX loss (HR, 3.255,
95% Cl, 1.292-8.203, p=0.012) were independent prognostic fac-
tors for OS (Figure 1C).

3.3 | Anlotinib exhibited different efficacy in
supratentorial and infratentorial DMG

Several previous studies showed tumor location was related to the
survival of H3K27M-DMG and the prognosis of patients with in-
fratentorial tumor was poorer than those with supratentorial tumor
as well as different molecular alterations such as PDGFRA and FGFR1
between brainstem and thalamus tumor.3%%? It is possible that
H3K27M-DMG arising in different locations would have different re-
sponses to anlotinib. Then, we stratified H3K27M-DMG by anatomic
location to explore the efficacy of anlotinib treatment. In patients
with supratentorial tumor, although the median PFS in the anlotinib
group (12.8 months, 95% Cl, 7.3-16.9) was longer than those with-
out anlotinib (10.4 months, 95% Cl, 8.4-15.5). However, there was no
statistical difference in the PFS (p=0.864) or OS (p=0.820) between
two groups in the supratentorial subgroup (Figure 2A,B). As for in-
fratentorial tumor, both the median PFS and OS of patients with anlo-
tinib treatment (PFS: 10.3 months, 95% Cl, 4.5-16.6; OS, 16.6 months,
95% Cl, 6.2-20.7) were longer than those without anlotinib (PFS:
5.4months, 95% Cl, 3.3-6.4; OS, 8.7 months, 95% Cl, 6.0-12.9). The
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FIGURE 3 MRI changes of a representative case of DIPG treated with anlotinib. The best response achieved was PR, with a PFS of
20.3months. CCRT, concurrent chemoradiotherapy; DMG, diffuse midline glioma; MRI, magnetic resonance imaging; PD, progressive

disease; PR, partial remission; TMZ, temozolomide.

Kaplan-Meier survival curves and log-rank tests showed the patients
treated with anlotinib had significantly longer PFS (p=0.006) and OS
(p=0.016) than those treated without anlotinib in infratentorial strat-
ification (Figure 2C,D). Figure 3 shows MRI changes of an illustrative
case with infratentorial tumor during treatments.

3.4 | Prognostic factors in supratentorial and
infratentorial H3K27M-DMG

The univariate and multivariate survival analyses were performed
in supratentorial and infratentorial H3K27M-DMG, respectively.
In patients with supratentorial tumors, GTR (p=0.040) and tumor
size <24.0cm°® (p=0.004) indicated a better survival, while ATRX
loss (p=0.006) showed a worse prognosis. Cox survival analysis
revealed tumor size <24.0cm?® was the only significant prognos-
ticator in supratentorial subgroup (Figure 4A). With regard to
infratentorial tumors, anlotinib treatment was associated with
longer PFS (p=0.012) and OS (p=0.025) and was a favorable in-
dependent factor for better OS (HR, 0.243, 95% Cl, 0.066-0.896,
p=0.034). Moreover, Ki-67<20% (HR, 0.297, 95% Cl, 0.091-
0.974, p=0.045) was another positive prognosticator for longer
OS (Figure 4B).

3.5 | Genomic profiles of H3K27M-DMG treated
with anlotinib

To explore the relationship between genomic characteristics and
survival, we performed the next-generation sequencing in 12 pa-
tients treated with anlotinib (Figure 5). TP53 mutation (4/12) was
the most frequent alteration. RTK alterations were observed in
four patients, including two FGFR mutations, one PDGFRA ampli-
fications, and one KDR2 amplification. In infratentorial subgroup,
which was significantly responsive to anlotinib treatment, the pa-
tient harbored PDGFRA amplification had the best prognosis in
both PFS and OS. And one with PTEN mutation had the poorest
survival.

3.6 | Compliance and toxicity

The comparison of AEs between patients with and without an-
lotinib is shown in Table 2. Compared with patients treating
without anlotinib, hypertension (33.3% vs. 8.0%), hyperlipidemia
(13.3% vs. 8.0%), thrombocytopenia (33.3% vs. 28.0%), and liver
dysfunction (13.3% vs. 8.0%) were more common in patients ad-
ministrated with anlotinib. The incidence rate of rash (13.3% vs.
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( A) Variables PFS

Univariate analysis

Univariate analysis

Multivariate analysis

P HR(95%CI) P HR(95%Cl) P
Anlotinib treatment . 0.865 —_—r 1.115 (0.436-2.856)  0.820
Male sex e 0.251 —_— 1.426 (0.520-3.907) 0.490
Pediatric patients —_—1 0.788 —_— 1.220 (0.392-3.798) 0.731
KPS <70 -_—1 0.482 ——+—— 3.346 (0.821-13.632) 0.092
Gross total resection —_— 0.351 —_— 0.309 (0.101-0.947)  0.040 —_— 0.288 (0.081-1.019)  0.053
Separate lesion —_— 0.452 ——— 0.765 (0.268-2.186) 0.617
Tumor size < 24 cm® —_— 0.061 —_— 0.197 (0.065-0.598) 0.004 _— 0.169 (0.049-0.575)  0.004
Ki-67 < 20% —_— 0.095 —_— 0.437 (0.161-1.190)  0.105
ATRX loss —_— 0.126 ———— 5.015(1.576-15.958) 0.006
0.1 1.0 10 0.1 1.0 10 0.1 1.0 10
HR(95%Cl) HR(95%CI) HR(95%CI)
(B) Variables PFS os

Univariate analysis

Univariate analysis

P
Anlotinib treatment —_— 0012 ———
Male sex —_—r 0.829 —_—r
Pediatric patients —_—— 0.730 b e
KPS <70 —_— 0.753 —_—
Open surgery —_— 0.638 —_—
Tumor size < 13.5 cm?® — 0.334 —_—
Ki-67 < 20% —_— 0218 ————
0'.1 1‘.0 1I0 O‘.1 1‘.0 I
HR(95%CI) HR(95%Cl)
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Multivariate analysis
HR(95%CI) P
0.243 (0.066-0.896)

HR(95%CI) P

0.226 (0.061-0.831) 0.034

0.025
0.750 (0.255-2.206)  0.601

1.849 (0.516-6.626) 0.346

1.360 (0.462-4.004) 0.577

0.599 (0.129-2.782) 0.513

0.942 (0.337-2.627) 0.908

0.273 (0.084-0.895)  0.032 0.297 (0.091-0.974)  0.045

0.1 1.0 10
HR(95%CI)

FIGURE 4 (A) Univariate and multivariate analyses of PFS and OS of patients with supratentorial tumor, based on treatment (with or
without anlotinib), sex, age, KPS, extent of resection (GTR or non-GTR/biopsy), tumor number (single lesion or multiple lesion), tumor size,
and the expression of Ki-67 and ATRX. (B) Univariate and multivariate analyses of PFS and OS of patients with infratentorial tumor, based
on treatment (with or without anlotinib), sex, age, KPS, extent of resection (open surgery or biopsy), tumor number (single lesion or multiple
lesions), tumor size, and the expression of Ki-67. ATRX, ATRX chromatin remodeler; GTR, gross total resection; KPS, Karnofsky performance

status; OS, overall survival; PFS, progression-free survival.

12.0%) and leucopenia (20.0% vs. 20.0%) were similar in both two
groups. Moreover, hand-foot skin reaction (HSFR) (26.7%), urine
protein (26.7%), mouth ulcer (20.0%), hoarseness (6.7%), and hy-
pothyroidism (6.7%) were exhibited only in the anlotinib group.
Mild AEs could be tolerable after symptomatic treatment. Grade
3 AEs were reported in 33.3% of the patients receiving anlotinib.
Among them, two patients had to reduce the dose to 10 mg/day
due to foot blisters or thrombocytopenia. No patient discontinued
treatment because of AEs and no grade 4 or higher toxicities were
detected.

4 | DISCUSSION

H3K27M-DMG patients face a grim prognosis despite surgery
and conventional chemoradiotherapy. Unfortunately, therapeu-
tic options for this aggressive brain tumor remain limited. While
surgical resection/biopsy is the most common initial treatment,
it serves several purposes: confirming histological and molecular
diagnosis for potential clinical trials, reducing the tumor burden,
improving neurological function, and relieving hydrocephalus in

some cases.33’34
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FIGURE 5 Molecular alterations of 12 H3“*’M-mutant DMG patients undergoing anlotinib treatment with different tumor location tested

by next-generation sequencing. DMG, diffuse midline glioma.

TABLE 2 The comparison of adverse

events between patients with and without

anlotinib.
Adverse events
Hypertension
Hand-foot skin reaction
Urine protein
Mouth ulcer
Hyperlipidemia
Hoarseness
Rash
Thrombocytopenia
Leucopenia
Liver dysfunction

Hypothyroidism

Maximum safe resection is recommended whenever feasible
for newly diagnosed gliomas, including DMG.%%> Consistent with a
recent systematic review of 484 H3K27M-DMG patients showing
resection as an independent favorable prognosticator,6 our study
found GTR to be associated with better prognosis and longer PFS in
this patient population. Notably, several studies determined resec-
tion was not a prognostic factor for DMG, highlighting the need for
further investigation.3#%¢ In our supratentorial tumor cohort, GTR
was correlated with improved OS. However, the role of surgery for
infratentorial DMG, primarily located in the pons where achieving

With anlotinib Without anlotinib

Grade 1/2 Grade 3 Grade 1/2 Grade 3
(n, %) (n, %) (n, %) (n, %)
4/15(26.7) 1/15(6.7) 2/25(8.0) 0

3/15 (20.0) 1/15 (6.7) 0 0

3/15 (20.0) 1/15(6.7) 0 0

3/15 (20.0) 0 0 0
2/15(13.3) 0 2/25(8.0) 0

1/15 (6.7) 0 0 0
2/15(13.3) 0 3/25(12.0) 0

3/15 (20.0) 2/15(13.3) 5/25(20.0) 2/25 (8.0)
3/15(20.0) 0 5/25 (20.0) 0
2/15(13.3) 0 2/25 (8.0) 0
1/15(6.7) 0 0 0

GTR is still controversial. An increasing number of studies have
also demonstrated the safety of stereotactic biopsy in H3K27M-
DMG.%”%8 |n our study, the survival of two infratentorial DMG pa-
tients who underwent stereotactic biopsy was comparable to those
who received surgical resection.

Recently, more and more clinical trials have increasingly focused
on the genetic and epigenetic underpinnings of DMG to identify
novel therapeutic targets (Table 3). Recent research has identified
amplification or overexpression of several RTKs in DMG, including
PDGFRA, EGFR, VEGFR2, FGFR1, and Met.'”*?~*! |nhibitors targeting
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TABLE 3 Recent and ongoing clinical trials about targeted therapy in H3K27M-mutant DMG or DIPG.

Targets Intervention Administration Clinical trial
EGFR Nimotuzumab, CRT [\ NCT04532229
PDGFRa, Kit  Avapritinib PO NCT04773782
Multi-kinase Vandetanib, dasatinib PO NCT00996723
Cabozantinib PO NCT05135975
VEGF Bevacizumab, RT Injection NCT04250064
PIBK, mTOR  GDC-0084, RT PO NCT03696355
Weel Adavosertib, RT PO NCT019220766
CDK4/6 Ribociclib, Everolimus PO NCT03355794
Abemaciclib PO NCT02644460
HDAC Panobinostat, Marizomib PO NCT04341311
HDAC/PIBK  Fimepinostat PO NCT03893487
DRD2 ONC206 PO NCT04541082
ONC206, RT PO NCT04732065
ONC201 PO NCT02525692
ONC201 PO NCT03416530
ONC201 PO NCT03295396
ONC201 PO NCT05580562
ONC201, Everolimus, RT PO NCT05476939
ONC201, RT, Paxalisib PO NCT05009992
XPO1 Selinexor, RT PO NCT05099003
ADAM INCB7839 \% NCT04295759
IDO1 Indoximod, RT PO NCT04049669
CD40 APX005M vV NCT03389802

Tumor eligibility
Newly diagnosed
Diagnosed
Newly diagnosed
Recurrent, progressive
Diagnosed
Newly diagnosed
Newly diagnosed
Newly diagnosed
Diagnosed
Diagnosed
Newly diagnosed

Recurrent

Newly diagnosed, recurrent

Recurrent

Newly diagnosed, recurrent,

refractory
Recurrent
Newly diagnosed

Diagnosed

Newly diagnosed, recurrent,

progressive
Newly-diagnosed
Recurrent, progressive

Newly diagnosed, relapsed

Newly diagnosed, recurrent,

refractory

Phase

/11

Recruitment status

Recruiting
Recruiting
Completed
Recruiting
Recruiting
Completed
Completed
Completed
Recruiting
Active, not recruiting
Active, not recruiting
Recruiting
Recruiting
Active, not recruiting

Active, not recruiting

Active, not recruiting
Recruiting
Recruiting

Recruiting

Recruiting
Recruiting
Recruiting

Active, not recruiting

Abbreviations: ADAM, a disintegrin and metalloprotease; CRT, chemoradiotherapy; DIPG, diffuse intrinsic pontine glioma; DMG, diffuse midline
glioma; DRD2, dopamine receptor D2; HDAC, histone deacetylase; Kit, Kit proto-oncogene; 1V, intravenous therapy; mTOR, mechanistic target of
rapamycin; PDGFRa, platelet-derived growth factor receptor a; PI3K, phosphatidylinositide 3-kinases; PO, peros; RT, radiotherapy; VEGF, vascular-
endothelial growth factor; Weel, Weel G2 checkpoint kinase; XPO1, exportin-1; IDO1, indoleamine 2,3-dioxygenase-1; CDK4/6, cyclin dependent

kinase 4/6.

RTKs and their downstream signaling pathways have exhibited prom-
ising antitumor effect in preclinical and clinical studies of for DMG
and DIPG (See Table S1). Additionally, these inhibitors have been
shown to enhance the sensitivity to radiation therapy.42 However,
several early phase clinical trials for DIPG reported minimal efficacy
of some RTK inhibitors.***# This could be partly attribute to com-
pensatory feature of RTK co-activation networks, where inhibiting
a single RTK pathway fails to address other related tumorigenesis-
promoting pathways.** Multi-targeted RTK inhibitors may improve
upon the shortcomings of single-agent therapy in DIPG patients.46
Anlotinib is small molecule RTKs inhibitor with a broad spec-
trum. Previous studies reported favorable responses in NSCLC pa-
tients with brain metastases, demonstrating its ability to control
brain tumors and survival.?**” Furthermore, Ma et al.?! confirmed
optimal penetration of anlotinib into brain microvascular endothelial
cells, potentially overcoming the limited drug concentration in brain
tumors due to the blood-brain barrier (BBB). These findings sug-
gest that anlotinib is a promising candidate for treating intracranial

malignant tumors. Our previous study demonstrated the safety and
efficacy of combining anlotinib with dose-dense TMZ for recur-
rent GBM,? consistent with other research.?**® While only two
case reports documented the benefit of anlotinib in progressive
H3K27M-DMG.?"?8

Our study found that patients treated with anlotinib had higher
rates of DCR and longer PFS and OS compared to those who did
not receive anlotinib, even though the increase in PFS and OS did
not reach statistical differences in the entire cohort. Notably, when
stratified by tumor location, our findings demonstrated a significantly
more favorable response to anlotinib treatment in patients with in-
fratentorial tumors compared to their supratentorial counterparts
in terms of PFS and OS. Moreover, multivariate analysis identified
anlotinib treatment as an independent favorable prognosticator for
patients with infratentorial DMG. The median PFS and OS for in-
fratentorial tumor patients treated with anlotinib were 10.3months
(95% Cl, 4.5-16.6) and 16.6 months (95% Cl, 6.2-20.7), respectively,
exceeding outcomes reported in the literature for Stupp regimen
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used in DIPG.* Compared to our study, targeted therapies such
as nimotuzumab (mPFS: 5.8 months, mOS: 9.4months) and beva-
cizumab (mOS: 10.4months) showed modest benefits in DIPG.?%°!
A recent small molecule selective antagonist of dopamine receptor
D2/3 (DRD2/3) ONC201 has emerged another treatment option for
H3K27M-DMG, with a reported median OS of 21.7months in the
patients including infratentorial and supratentorial DMG.?? While
both anlotinib and ONC201 demonstrate promising antitumor ac-
tivity in H3K27M-DMG patients, our data suggest that infratentorial
DMG patients may benefit more from anlotinib treatment. The dis-
tinct tumor response to anlotinib observed in different anatomical
localization may be associated with underlying molecular alterations.
Previous studies indicated that PDGFRa amplification was frequently
observed in DIPG or brainstem tumor.*>'4>3? |n our study, the pa-
tient with infratentorial DMG who harbored PDGFRa amplification
exhibited the best response to anlotinib. Due to the limited sample
size, we cannot determine whether PDGFRa amplification is the ge-
netic biomarker predicting benefit from anlotinib treatment. Further
studies with larger cohorts are warranted to explore this possibility.
Anlotinib treatment for DMG appears to be well tolerated with
manageable side effects. Our study observed mostly Grade 1 or 2
AEs, with no instances of Grade 4 AEs or anlotinib-related deaths.
The rate of Grade 3 AEs was 33.3% in patients receiving anlotinib,
which compares favorably to ONC201 (41.7%).>® Thrombocytopenia
isacommon side effect in our study. It isimportant to note that a sep-
arate retrospective analysis suggests this might be associated with
the combination of anlotinib and TMZ, rather than anlotinib alone.*®
Our results align with previous studies highlighting hypertension,
proteinuria, and HSFR were the most frequent anlotinib-associated
side effects.?>?? Fortunately, anlotinib-induced AEs could be man-
aged through dosage adjustments.>* In our cohort, two patients
required dose reduction due to severe grade 3 AEs. However, dose
reduction and drug discontinuation due to AEs can negatively impact
treatment compliance and potentially compromise therapeutic ben-
efits, as reported in advanced NSCLC and metastatic colorectal can-
cer.>>%¢ Thus, further research is necessary to determine an optimal
dosage regimen for anlotinib treatment in H3K27M-DMG patients.
This study has several limitations. First, this is a retrospective
study with limited sample size. Although baseline characteristics
were balanced between the anlotinib and control groups to minimize
bias, the possibility of selection bias cannot be entirely ruled out.
Second, the sample size in this study was limited. Large randomized
controlled trials and large-scale genetic sequencing are warranted
to provide more robust evidence for the efficacy and potential bio-

markers of anlotinib in DMG treatment.

5 | CONCLUSION

To our knowledge, this is the first retrospective cohort study to
investigate the use of anlotinib combined with the Stupp proto-
col for H3K27M-DMG treatment. Our findings suggest that this
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combination therapy appears to be a safe and promising therapeutic
option for this patient population. Further, anlotinib exhibited inspir-
ing survival benefits for infratentorial H3K27M DMG patients.
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