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Renal cell carcinoma (RCC) is a very rare type of renal cancer in children and young adults. When metastasized
or recurrent, no standards of care are available, and outcome is still poor. The tyrosine kinase inhibitor axitinib is
approved for treatment of RCC in adults, but its effects in children and young adults with RCC remains unclear.
Due to the histological and biological differences between children and adults, it is difficult to extrapolate

knowledge on treatments from the adult to the pediatric and young adult setting. This paper summarizes the
clinical characteristics and outcomes of patients with RCC who were treated with axitinib, with the aim to gain
insight in the clinical efficacy of this compound in this young patient group.

1. Introduction

Renal tumors account for 5 % of all new cancer diagnoses in children
(Nakata et al., 2020). Renal cell carcinoma (RCC) is the most prevalent
type of kidney cancer in adults, whereas the disease is very rare in
children, only accounting for less than 5 % of all pediatric renal tumors
(Spreafico et al., 2010). In 1998, it was suggested that pediatric RCC
may be different from adult RCC as children seemed to present with a
unique subtype with a translocation involving Xp11.2 (Carcao et al.,
1998). This translocation-type RCC (MiT-RCC) is characterized by
translocations in the microphthalmia transcription (MiT) factor family,
and mainly involves TFE3 and TFEB translocations (Inamura, 2017).

TFE3 translocations have been thoroughly explored and comprise more
than 20 different TFE3-gene fusions such as ASPSCR1-TFE3, PRCC-TFE3,
SFPQ-TFE3 and NONO-TFE3 (Inamura, 2017; Argani et al., 2001; Sun
et al., 2021). After inclusion of MiT-RCC into the 2004 WHO classifi-
cation system, the difference in histological subtypes between adults and
children became more evident (Bruder et al., 2004; Eble et al., 2004;
Geller et al., 2008; He et al., 2021; Ray et al., 2020). Whereas in children
the MiT-RCC subtype seems to occur most frequently (representing
approximately 50 % of pediatric RCC), in adults, clear-cell RCC remains
the most common histological subtype (van der Beek et al., (2020); van
der Beek et al., (2021)). This makes a direct comparison between
treatment and outcome of adults and children with RCC challenging
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(Hsieh et al., 2017).

For pediatric RCC, upfront surgery is standard of care for localized
disease. Advances in metastatic systemic therapy and adjuvant therapy
have been much slower than in the adult setting. Systemic treatment is
not indicated, and it is generally administered only in patients with
unresectable or metastatic disease, or at recurrence. Furthermore, due to
its rarity, treatment options are unclear because of limited evidence on
agent efficacy. Currently, the International Society of Pediatric
Oncology — Renal Tumor Study Group (SIOP-RTSG) 2016 UMBRELLA
protocol recommends use of sunitinib in pediatric patients with
advanced or metastatic RCC. Upon progression, novel agents such as
alternative TKIs or immunotherapy are considered (van den
Heuvel-Eibrink et al., 2017). However, the optimal drug or drug com-
bination still needs to be determined for these patients.

The treatment setting for adult RCC is rapidly changing. The
KEYNOTE-564 trial recently showed the benefit of adjuvant treatment
with pembrolizumab, an immune checkpoint inhibitor (ICI), as an op-
tion after resection with curative intent (Choueiri et al., 2021a; Bedke
et al., 2022). In the metastatic setting, a wide variety of effective
treatment options are available, including combinations of ICI with
either anti-CTLA4 or tyrosine kinase inhibitors (TKI) in first line (PDQ
Cancer, 2002; Ljungberg et al., 2022). These combinations have super-
seded treatment with single-agent TKI, which is now restricted to further
lines or in situations where ICI are not available or not tolerated
(Ljungberg et al., 2022).

Axitinib is a TKI that targets the vascular endothelial growth factor
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receptors (VEGFR) 1, 2 and 3, and thereby suppresses VEGF pathway
signaling (Fig. 1). Preclinical studies showed that through inhibition of
this pathway, angiogenesis and likely tumor progression may be pre-
vented, though tumors can develop resistance to anti-angiogenic ther-
apy (Giuliano and Pages, 2013; Haibe et al., 2020; Hicklin and Ellis,
2005; Keating, 2015; McIntyre and Harris, 2015; Negrier et al., 2020).
First-line cabozantinib is currently recommended for advanced papillary
RCC based on the increased progression-free survival (PFS) and response
rate of cabozantinib compared to sunitinib in the Southwest Oncology
Group (SWOG) phase II PAPMET trial (Pal et al., 2021). The phase II
AXIPAP trial showed efficacy of axitinib in adult patients with meta-
static papillary RCC but is not recommended as first-line in this setting
(Negrier et al., 2020). A single-arm, phase II study provided evidence of
clinical activity using axitinib after progression with checkpoint in-
hibitors in adult patients with metastatic RCC (Ornstein et al., 2019).
Axitinib in combination with pembrolizumab has been accepted as
first-line treatment for patients with metastatic clear cell RCC
(Ljungberg et al., 2022).

Axitinib is currently not approved for treatment of pediatric RCC due
the MiT-RCC histology commonly found in pediatric RCC and limited
data in this setting. The low prevalence of pediatric RCC makes clinical
trials challenging. However, Geller et al. reported a positive response to
axitinib in one pediatric patient with RCC (Geller et al., 2018). The
Children’s Oncology Groups (COG) phase I trial (ADVK1315) studied
axitinib in children with recurrent or refractory solid tumors, and a
recommended starting dose was established (Geller et al., 2018).

A. Normal VEGF pathway
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Fig. 1. The normal VEGF pathway versus the VEGF pathway inhibited by axitinib. A. The normal VEGF pathway stimulates angiogenesis and tumor metastasis. B. Upon
administration of axitinib (Axi), the drug binds intracellularly to the kinase domain of the VEGF receptor. This indirectly inhibits the binding of VEGF to the VEGF

receptor and inhibits angiogenesis and metastasis. Created with BioRender.com.
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Following these results, a 3-arm randomized trial for axitinib was
initiated for patients with MiT-RCC of all age groups, including children
(AREN1721) (Geller, 2020).

This review aims to summarize the clinical effects of axitinib through
a literature review of randomized controlled trials in adults, and all
available literature concerning pediatric and young adults on axitinib,
with the goal to give an overview of its possible application and effects
in the described patient settings.

2. Methods

For this review, PubMed, Embase and Cochrane were searched for
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relevant articles, using a search comprising the main terms ‘renal cell
carcinoma’ and ‘axitinib’. Inclusion criteria for title and abstract
screening were histologically confirmed RCC, adult RCC studies with ten
or more patients, all available studies including pediatric and young
adult RCC cases (<25 years) and treatment with axitinib. Exclusion
criteria were animal or in vitro studies, case series or cohort studies with
less than ten patients in adult studies, or any language other than English
or Dutch (Fig. 2). A total of 1851 articles were identified in PubMed (n =
703), Embase (n=1058) and Cochrane (n=90) after a double-blind
screening process by two lead investigators. After deduplication, 1463
articles remained for title- and abstract screening. Based on the in- and
exclusion criteria, 1295 articles were excluded. Through full-text

Pubmed
n=703

Title and abstract
screening
n=1851

Title and abstract
screening
n = 1463

Full-text screening
n=168

Included articles
n =68

Final inclusion
n=19

Embase
n = 1058

« Language other than English or Dutch

» Case series <10 adults

* No axitnib-specific data
* No axitinib outcome data
» No full-text article access

* Adult retrospective studies

Included articles second screening

Cochrange
n =90

Duplicates removed
n = 388

Exclusion:
* Animal studies

« In vitro studies

n=1295

Exclusion:

n =100

Exclusion:

» Adult phase | studies
» Small patient cohorts

n=>51

n=2

Fig. 2. Flow chart of included studies.
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screening, articles were removed when the data were not reported
separately for axitinib, and outcome data such as overall survival (OS),
PFS, a hazard ratio (HR) or overall response rate (ORR) were not re-
ported. In case more than one report was identified on a clinical trial, the
Cochrane article was excluded and the most recently updated article
from PubMed or Embase was included. Ultimately, a total of 68 articles
were identified but given the large number of articles, it was decided to
only include adult randomized controlled trials and all pediatric studies.
Finally, 17 articles remained, with 12 randomized controlled trials for
adult RCC and five case reports about pediatric RCC. The search was
updated in 2023 and led to the further inclusion of one trial, two trial
updates and one pediatric case report.

3. Results
3.1. Adult randomized clinical trials

3.1.1. Clinical- and tumor characteristics

Thirteen publications described nine unique phase II or phase III
trials that provided information on 4087 different patients (Table 1).
The median age ranged between 58 and 65 years, and more males
(2761/4087 (72.7 %)), than females were included. One trial included
two patients of 20 and 22 years old; these patients were not reported in
the included pediatric case reports (Rini et al., 2011).

Most trials included patients with metastatic RCC, whereas some
studies included patients with advanced RCC. Performance status was
determined through Eastern Cooperative Oncology Group (ECOG) per-
formance status and prognosis was assessed by Memorial Sloan Ketter-
ing Center (MSKCC) score and the International Metastatic RCC
Database Consortium (IMDC) risk model (Table 1). On average, 73.0 %
of the patients with ECOG performance status were classified with ECOG
grade 0, which indicates patients were not restricted by their disease
(Azam et al., 2019; Choueiri et al., 2021b; Gross-Goupil et al., 2018;
Kollmannsberger et al., 2021). In another study, where axitinib was
compared to sorafenib, 37.1 % of the patients receiving axitinib were
classified with intermediate risk and similarly, 35.9 % of patients
receiving sorafenib also had intermediate risk (based on MSKCC score)
(Rini et al., 2011; Motzer et al., 2013). The four remaining studies
applied the IMDC risk model, which is also used for patients with met-
astatic RCC (Tanaka et al., 2016). Herein, patients were assessed to have
primarily favorable - intermediate risk (25.3 % - 64 %) (Motzer et al.,
2019; Powles et al., 2020; Rini et al., 2019; Voss et al., 2019). The
RENOTORCH study only included patients with intermediate-poor risk
(81.5 % and 18.5 %, respectively (Yan et al., 2023). One study did not
specify the risk stage of the patients treated with axitinib or placebo
(Rini et al., 2016).

Most studies required presence of clear-cell RCC as an inclusion
criterium and therefore, only two studies described different histological
subtypes (Table 2). Kollmannsberger et al., included 23 patients with
unclassified type or not otherwise specified RCC (Kollmannsberger et al.,
2021). In the ATLAS trial, histological subtypes were defined as
clear-cell RCC and non-clear-cell RCC with <50 % of the patients being
in the latter category (Gross-Goupil et al., 2018).

3.1.2. Outcomes with axitinib monotherapy

The phase III ATLAS trial compared 724 patients with non-metastatic
disease in the adjuvant setting, who were at risk of recurrence and had
not been previously treated with anti-angiogenic- or systemic treatment
(Gross-Goupil et al., 2018). Patients were either treated with axitinib
(5 mg BID) or given placebo (Tables 1 and 3). The trial was discontinued
due to no significant disease-free survival (DFS) improvement in the
axitinib arm (HR 0.87; 95 % CI 0.660-1.147; p = 0.321) (Table 1)
(Gross-Goupil et al., 2018). Toxicity profiles were similar for both arms
except for grade 3/4 adverse events, which were reported more
frequently in the axitinib arm (Table 3) (Gross-Goupil et al., 2018).

In a phase II trial, 213 treatment-naive patients with metastatic
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disease were included. (Tables 1 and 4) (Rini et al., 2016). This trial from
Rini et al. studied the effect of titration; patients received 5 mg BID
axitinib either with axitinib dose titration or with placebo dose titration
up to 7 mg BID. Patients who were not eligible for titration were placed
in a separate non-randomized arm that received 5 mg axitinib BID.
There was no significant difference in PFS (14.5 vs. 15.7 months) and OS
(42.7 vs. 30.4 months) (HR 0.850; 95 % CI 0.54-1.35; p = 0.24 and HR
0.785; 95 % CI 0.485-1.272; p = 0.162) between the axitinib titration
and placebo titration arms, respectively (Supplementary figures 1-4)
(Rini et al., 2016; Tomita et al., 2019). However, it should be noted that
dose reductions and dose interruptions were more frequent in the axi-
tinib titration arm and could account for the lack of an improved PFS. At
the same time, an objective response was observed more frequently with
axitinib titration and could be of clinical significance. The adverse
events were considered manageable but were reported at a higher
incidence in the axitinib titration group and mainly consisted of hy-
pertension, hand-foot syndrome and vomiting (Rini et al., 2016).

Axitinib was also compared to sorafenib in two unique phase III
trials. Hutson et al. compared axitinib to sorafenib in the first line setting
in 288 patients with metastatic RCC. The AXIS trial included 723 pa-
tients with metastatic disease and were treated second line, following
first line sunitinib, bevacizumab plus interferon-alfa, temsirolimus, or
cytokines (Rini et al., 2011; Motzer et al., 2013; Hutson et al., 2017).
Both trials adhered to a sorafenib dose of 400 mg twice a day (BID) and
an axitinib dose of 5 mg BID. Hutson et al. and Rini et al. allowed
dose-titration depending on predefined clinical events or hypertension
and adverse events above grade 2, respectively (Rini et al., 2011; Hutson
et al., 2017). In the AXIS trial, patients who received axitinib had a
significantly better PFS compared to patients treated with sorafenib (8.3
vs. 5.7 months, HR, 0.656; 95 % CI, 0.552-0.779) but the PFS in the
smaller trial did not reach significance (10.1 vs. 6.5 months; HR, 0.77;
95 % CI, 0.56-1.05; p = 0.038) (Supplementary figures 1 and 2) (Motzer
et al., 2013; Hutson et al., 2017). Although the OS did not increase with
use of axitinib in either trial, the AXIS trial highlighted the potential of
axitinib as a second-line agent in patients with metastatic RCC (AXIS:
20.1 vs. 19.2 months; Hutson et al.: 21.7 vs. 23.3 months) (Table 1;
Supplementary figure 3) (Motzer et al., 2013; Hutson et al., 2017).

In a randomized phase II trial, axitinib was compared to a novel drug
called AGS-16C3F. The antibody-drug conjugate binds the cell surface
marker ectonucleotide pyrophosphatase 3 (ENPP3) and attacks cells
with a microtubule disruptive agent (Table 1) (Kollmannsberger et al.,
2021). The drugs were given as further-line treatment in 133 patients
with metastatic disease. Similar to the previous studies, the axitinib dose
was also 5 mg BID (Table 3). Patients who received AGS-16C3F had a
lower PFS compared to those who received axitinib (13.1 vs. 15.4
months, HR, 1.676; 95 % CI, 1.107-2.537) (Supplementary figures 1
and 2) (Kollmannsberger et al., 2021). AGS-16C3F caused more ocular
toxicities (44 vs. 26 %) whereas axitinib caused more diarrhea (48 % vs.
17 %). The study did not meet its primary endpoint and AGS-16C3F was
not further studied. One limitation of the study was the population
heterogeneity due to the study’s inclusion of non-clear cell RCC. How-
ever, the study emphasizes the potential of axitinib as further-line
treatment in patients with metastatic disease.

3.1.3. Outcomes with axitinib combination therapy

Axitinib was also administered in combination with other agents in
the metastatic setting. Two trials studied whether a combination of
axitinib with pembrolizumab (phase III KEYNOTE-426) or axitinib with
avelumab (phase III JAVELIN Renal 101) would result in an improved
outcome compared to sunitinib (Table 1) (Choueiri et al., 2020; Haanen
etal., 2023; Motzer et al., 2019; Plimack et al., 2023; Powles et al., 2020;
Rini et al., 2019; Tomita et al., 2022). Both studies prescribed 5 mg
axitinib BID and 50 mg sunitinib daily (Table 3). The KEYNOTE-426
trial consisted of 861 treatment-naive patients with advanced disease.
Axitinib combined with pembrolizumab led to an improved PFS
compared to sunitinib (16 versus 11 months, HR 0.68; 95 % CI



Table 1

Overview of characteristics and outcome of included series (>10 patients) of renal cell carcinoma (RCC) patients treated with an axitinib-monotherapy or axitinib-combination treatment.

# Author, year Study type Treatment Line of Nr. of Gender Age (years, Surgery Risk Risk stage Evaluation PFS OS (months, Effect axitinib-
approach treat- patients (M/F) range) (md) group (nr. of system (months, 95 %CI) treatment (95 %
ment patients) 95 %CI) CD
1 (Gross-Goupil Phase III (R): Axitinib First line 363 280/83 md 58 363 ECOG 0(313) NS - - DFS HR 0.870
et al., 2018) ATLAS (51-66) 361 PS 1(43) (0.660-1.147; p =
Placebo 361 250/ md 58 0(314) 0.321)
111 (51-66) 144
2 (Rini et al., 2016) Phase II (R) Axitinib titration  First line 56 143/70 md 62 183/ Not Not studied NS md 14.5 md 42.7 PFS HR 0.85
(Tomita et al., (28-87) 213 studied (9.2-24.5) (24.7 — not (0.54-1.35)
2019) reached) p=0.24
Placebo titration 56 md 15.7 md 30.4 (one-sided)
(8.3-19.4) (23.7-45.0) OS HR 0.785
(0.485-1.272)
p = 0.162 (one-
sided)
Non-randomized 91 md 16.6 NS NS
(11.2-22.5)
3 (Rini et al., 2011) Phase III (R): Axitinib Second 361 265/96 md 61 658/ MSKCC Favorable RECIST 1.0 md 8.3 md 20.1 PFS HR 0.656
(Motzer et al., AXIS line (20-82) 723 (100) (6.7-9.2) (16.7-23.4) (0.552-0.779) p <
2013) Intermediate 0.0001
(134) OS HR 0.969
Poor (118) (0.800-1.174)
Not available p=0.374
[C)]
Sorafenib 362 258/ md 61 Favorable md 5.7 md 19.2
104 (22-80) (101) (4.7-6.5) (17.5-22.3)
Intermediate
(130)
Poor (120)
Not available
(1D
4 (Hutson et al., Phase III (R) Axitinib First line 192 NS NS -/288 ECOG 0 (NS) RECIST 1.0 md 10.1 md 21.7 PFS HR 0.77
2017) PS 1 (NS) (18.0-31.7) (0.56-1.05)
ORR 32 % p=0.038
Sorafenib 96 md 6.5 md 23.3 OS HR 0.995
(18.1-33.2) (0.731-1.356)
ORR 15 % p = 0.4883
ORR: p = 0.0006
5 (Kollmannsberger Phase II (R) AGS—16C3F > Third 67 49/18 md 63 NS ECOG 0(19) md 2.9 md 13.1 PFS HR 1.676
et al., 2021) line (33-77) PS 1(48) (2.0-4.0) (10.1-23.0) (1.107-2.537)
Axitinib 66 49/17 md 60 0(19) md 5.7 md 15.4 OS HR 1.079
(37-88) 1 (47) (5.3-9.1) (12.5-21.6) (0.681-1.707)
6 (Rini et al., 2019) Phase III (R): Axitinib + First line 432 308/ md 62 357/ IMDC Favorable RECIST 1.1 md 16.0 md 46.0 PFS HR 0.68
(Powles et al., KEYNOTE—426 pembrolizumab 124 (55—-68) 432 (138) (14.0-20.0) (0.58-0.80)
2020) Intermediate OS HR 0.73
(Plimack et al., (238) (0.60-0.88)
2023) Poor (56)
Sunitinib 429 320/ md 61 358/ Favorable md 11.0 md 41.0
109 (53-68) 429 (131) (8.9-13.0)
Intermediate
(246)
Poor (52)

(continued on next page)
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Table 1 (continued)

# Author, year Study type Treatment Line of Nr. of Gender Age (years, Surgery Risk Risk stage Evaluation PFS OS (months, Effect axitinib-
approach treat- patients (M/F) range) (md) group (or. of system (months, 95 %CI) treatment (95 %
ment patients) 95 %CI) CD
7 (Choueiri et al., Phase III (R): Avelumab + First line 442 316/ md 62.0 352 IMDC Favorable RECIST 1.1 md 13.9 Median not PFS HR 0.67
2020) JAVELIN Renal axitinib 126 (29.0-83.0) (94) (11.1-16.6) reached (0.568-0.785;
(Motzer et al., 101 Intermediate (42.2-NE) one-sided p <
2019) (271) 0.0001)
(Tomita et al., Poor (72) OS HR 0.79
2022) Not reported (0.634-0.969;
(Haanen et al., 5) one-sided p =
2023) Sunitinib 444 344/ md 61.0 355 Favorable md 8.5 md 37.8 0.0116)
100 (27.0-88.0) (96) (8.2-9.7) (31.4-NE)
Intermediate
(276)
Poor (71)
Not reported
(€8]
8 (Yan et al., 2023) Phase III (R): Axitinib + First line 210 162/48 md 60 135 IMDC Intermediate RECIST 1.1 md 18.0 md NE (NE- PFS HR 0.65
RENOTORCH toripalimab (20.0-78.0) (169) (15.0-NE) NE) (0.49-0.86)
Poor (41) p =0.0028
Sunitinib 211 157/54 md 60.0 127 Intermediate md 9.8 md 26.8 OS HR 0.61
(28-78) (174) (8.3-13.8) (24.5-NE) (0.404-0.922)
Poor (37)
9 (Voss et al., 2019) Phase II (R): Axitinib + > 58 38/20 md 63 56 IMDC Favorable RECIST 1.1 md 6.8 Median not PFSHR 1.11
DART study dalantercept Second (37-81) 11 (4.5-9.4) reached (0.71-1.73)
line Intermediate ORR: 19 % OS HR 1.39
(45) (0.70-2.77)
Poor (2)
Axitinib + 61 35/26 md 59 52 Favorable md 5.6 Median not
placebo (27-75) (16) (3.3-8.3) reached
Intermediate ORR: 25 %
(43)
Poor (2)
10 (Choueiri et al., Phase II (R): Carotuximab + Second 75 49/26 md 63.0 NS ECOG 0(39) RECIST 1.1 md 6.7 NS PFS HR 1.42
2021b) TRAXAR axitinib line PS 1 (36) (5.6-13.1) (0.88-2.30)
Axitinib 75 57/18 md 65.0 0 (38) md 11.4
1(@37) (5.8-NE)

R =randomized; Nr = number; M = male; F = female; md = median; ECOG PS = Eastern Cooperative Oncology Group Performance Status; MSKCC = Memorial Sloan-Kettering Cancer Center score); IMDC = International
Metastatic RCC Database Consortium risk score; DFS = disease-free survival; PFS = progression-free survival; OS = overall survival; ORR = objective response rate; HR = hazard ratio; NS = not specified.
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Table 2
Distribution of histological subtypes in included studies of axitinib monotherapy
and combination therapy in adult, pediatric and/or young adult patients.

# Author, year Treatment Clear- MiT- Other
approach cell RCC histological
RCC subtypes
1 (Gross-Goupil Axitinib >50 % 0 Non-ccRCC
et al., 2018) Placebo (<50 %)
2 (Rini et al., 2016) Axitinib 213 0 0
titration
Placebo
titration
Non-
randomized
3 (Motzer et al., Axitinib 723 0 0
2013) Sorafenib
(Rini et al., 2011)
4 (Hutson et al., Axitinib 288 0 0
2017) Sorafenib
5 (Kollmannsberger AGS—16C3F 55 0 Unclassified/
et al., 2021) NOS (12)
Axitinib 55 Unclassified/
NOS (11)
6 (Rini et al., 2019) Axitinib + 861 0 0
(Powles et al., pembrolizumab
2020) Sunitinib
(Plimack et al.,
2023)
7 (Choueiri et al., Avelumab + 886 0 0
2020) axitinib
(Motzer et al., Sunitinib
2019)
(Tomita et al.,
2022)
(Haanen et al.,
2023)
8 (Yan et al., 2023) Axitinib + 421 0 0
toripalimab
Sunitinib
9 (Voss et al., 2019) Axitinib + 119 0 0
dalantercept
Axitinib +
placebo
10 (Choueiri et al., Carotuximab + 75 0 0
2021b) Axitinib
Axitinib 75
11 (de Oliveira et al., Axitinib 0 0 Papillary (1)
2019)
12 (Ambalavanan and Axitinib 0 2 0
Geller, 2019) Axitinib +
denosumab
13 (Kakoki et al., Axitinib 0 1 0
2017)
14 (Jiménez et al., Axitinib 0 1 0
2017)
15 (Sudour-Bonnange Axitinib 0 1 0
et al., 2014)
16 (Gurruchaga Sotes Axitinib + 0 0 Papillary (1)
et al., 2021) pembrolizumab

NOS = not otherwise specified; ccRCC = clear-cell RCC.

0.58-0.80) (Supplementary figures 1-2) (Rini et al., 2019; Powles et al.,
2020; Plimack et al., 2023). The trial also showed an improved OS with
the combination of axitinib and pembrolizumab compared to sunitinib
(46 versus 41 months, HR 0,73; 95 % CI 0.60-0.88). The JAVELIN Renal
101 included 886 treatment-naive patients with advanced RCC. Similar
to the KEYNOTE-426 trial, the combination of axitinib and avelumab led
to a PFS of 13.9 months compared to 8.5 months with sunitinib (HR
0.67; 95 % CI 0.568-0.785; p < 0.0001) (Choueiri et al., 2020; Haanen
et al., 2023; Motzer et al., 2019; Plimack et al., 2023; Tomita et al.,
2022). The RENOTORCH trial also showed an improved PFS with
combined axitinib and toripalimab treatment compared to sunitinib
treatment (HR 0.651; 95 % CI 0.490-0.864; p = 0.0028) (Yan et al.,
2023). The OS data for all treatment groups of both the KEYNOTE-426
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and RENOTORCH trial are immature and not statistically significant
(Yan et al., 2023; Haanen et al., 2023).

Two phase II studies compared axitinib combination treatment to
axitinib (Table 1) (Choueiri et al., 2021b; Voss et al., 2019). The
TRAXAR trial studied 150 patients with advanced or metastatic RCC
who previously progressed on VEGF targeted therapies and studied the
combination of carotuximab (TCR105) and axitinib to axitinib (Choueiri
et al., 2021b). Patients treated with combination treatment had a 6.7
month PFS and the axitinib arm had a 11.4 month PFS (HR 1.42; 95 % CI
0.88-2.30; p = 0.15) (Supplementary figures 1-2). It was concluded that
the combination of axitinib and carotuximab did not have added value
over axitinib monotherapy and the development of carotuximab was
stopped (Choueiri et al., 2021b). Another trial compared the combina-
tion of dalantercept and axitinib to axitinib and placebo in 119 patients
with advanced RCC who underwent one or more previous treatments
(Table 1) (Voss et al., 2019). This trial also showed no improved
outcome for patients in the dalantercept arm as there was no improved
PFS (6.8 months versus 5.6 months, HR 1.11; 95 % CI 0.71-1.73; p =
0.670) (Supplementary figures 1-2) (Voss et al., 2019). Combining
dalantercept with axitinib does not seem to improve treatment efficacy.
Surprisingly, adverse events > 3 occurred evenly across both the
dalantercept combination treatment arm (59 %) and axitinib treatment
arm (64 %) (Table 3) (Choueiri et al., 2020; Motzer et al., 2019; Powles
et al., 2020; Rini et al., 2019; Tomita et al., 2022; Voss et al., 2019).

3.2. Pediatric and young adult case reports

3.2.1. Clinical and tumor characteristics

No pediatric or young adult cohort studies were available, but seven
case reports described the effects of axitinib in children and young adults
(Table 4) (Ambalavanan and Geller, 2019; de Oliveira et al., 2019;
Jiménez et al., 2017; Kakoki et al., 2017; Sudour-Bonnange et al., 2014).
The case reports included one young adult with RCC of 24 years of age
(de Oliveira et al., 2019). In total, 4 patients were diagnosed in the first
decade of life and three patients were male (Ambalavanan and Geller,
2019; Gurruchaga Sotes et al., 2021; Jiménez et al., 2017; Kakoki et al.,
2017; Sudour-Bonnange et al., 2014).

In the 7 pediatric patients, different diagnostic tumor staging systems
were used (Table 4) (Ambalavanan and Geller, 2019; de Oliveira et al.,
2019; Jiménez et al., 2017; Kakoki et al., 2017; Sudour-Bonnange et al.,
2014). The postoperative tumor stage (pTN) was applied for the staging
of three patients; pT3a, pT2a pN1 RO and pT3a pN1 (de Oliveira et al.,
2019; Sudour-Bonnange et al., 2014). Two one-year-old patients were
diagnosed with T3aN1Mx and T3aNOMO, respectively, according to the
tumor node metastasis (TNM) staging (Ambalavanan and Geller, 2019).
While the two remaining case reports did not describe a staging system
for their respective patient, tumor pathology reported lymph node me-
tastases in one patient and metastatic disease at diagnosis in the other
(Kakoki et al., 2017; Jiménez et al., 2017). Overall, all seven patients
were diagnosed with advanced or metastatic disease (Ambalavanan and
Geller, 2019; de Oliveira et al., 2019; Gurruchaga Sotes et al., 2021;
Jiménez et al., 2017; Kakoki et al., 2017; Sudour-Bonnange et al., 2014).

Unlike the predominant clear-cell RCC tumor histology in adults,
different RCC subtypes were found in children and young adults
(Table 4). The 18- and 24-year-old patients were diagnosed with
papillary RCC and five other children (1-15 years old) with MiT-RCC
(Ambalavanan and Geller, 2019; de Oliveira et al., 2019; Gurruchaga
Sotes et al., 2021; Jiménez et al., 2017; Kakoki et al., 2017
Sudour-Bonnange et al., 2014). The 18-year-old male with papillary
RCC had an exon 8 deletion of the FH gene and was diagnosed with
hereditary leiomyomatosis and renal cell cancer (Gurruchaga Sotes
et al., 2021).

3.2.2. Outcome in case reports
The identified patients were treated with a variety of agents, of
which one was axitinib (Table 4) (Ambalavanan and Geller, 2019; de
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Table 3
Treatment and toxicity overview of adult, pediatric and/or young adult patients.
# Author, year Treatment Dose of axitinib Trial Surgery  Toxicity
protocol Grade > 3 (%)
1 (Gross-Goupil et al., Axitinib 5 mg bid NCT01599754 363 Hypertension (64), diarrhea (47), dysphonia (42), Hand-Foot
2018) - syndrome (32), proteinuria (23), fatigue (21), hypothyroidism (21),
arthralgia (16), nasopharyngitis (16), headache (13), increased blood
TSH (13), rash (13), stomatitis (13), back pain (13), deceased appetite
(12), asthenia (12), dizziness (12)¢
Placebo 361 Hypertension (25), diarrhea (14), dysphonia (6), Hand-Foot syndrome
(5), proteinuria (7), fatigue (12) hypothyroidism (5), arthralgia (10),
nasopharyngitis (18), headache (11), rash (4), stomatitis (3), back pain
(15), asthenia (6), dizziness (10)¢
2 (Rini et al., 2016) Axitinib titration 5 mg bid + NCT00835978 183/ Hypertension (18), diarrhea (13), fatigue (5), decreased appetite (7),
titration 213 nausea (5), Hand-Foot syndrome (4), proteinuria @"
Placebo titration Hypertension (9), diarrhea (5), fatigue (4)
Non-randomized Hypertension (49), diarrhea (9), fatigue (8), decreased appetite (5),
Hand-Foot syndrome (5)
3 (Motzer et al., 2013) Axitinib titration 5 mg bid NCT00678392 658/ Diarrhea (11), hypertension (17), fatigue (10), decreased appetite (4),
(Rini et al., 2011) 723 Hand-Foot syndrome (6), weight decreased (3), asthenia (4),
proteinuria (3)
Sorafenib 400 mg bid Diarrhea (8), hypertension (12), fatigue (4 %), Hand-Foot syndrome
(17), weight decreased (3), rash (4)
4 (Hutson et al., 2017) Axitinib 5 mg bid + NCT00920816 -/288 PPE (7), diarrhea (10), hypertension (13), weight decrease (11),
titration fatigue (6), asthenia (9)
Sorafenib 400 mg bid PPE (16), diarrhea (5), weight decrease (6), asthenia (5)
5 (Kollmannsberger AGS—16C3F 1.8 mg/kg every  NCT02639182 NS Fatigue (8), dyspnea (3), hypertension (5), abdominal pain (6), anemia
et al., 2021) + 3w (11), arthralgia (3), dry eye (3), asthenia (3)°
Axitinib 5 mg bid Fatigue (11), diarrhea (9), decreased appetite (5), back pain (3),
dyspnea (6), hypertension (25), decreased weight (6), dehydration (6),
anemia (3), stomatitis (5) asthenia (3)¢
6 (Rini et al., 2019) Axitinib + 5 mg bid + NCT02853331 357/ Diarrhea (10), hypertension (22), fatigue (3), PPE (5), ALT increased
(Powles et al., 2020) pembrolizumab 200 mg i.v. every 432 (6), AST increased (6), proteinuria (3)
(Plimack et al., 2023) 3w
Sunitinib 50 mg/day 358/ Diarrhea (5), hypertension (20), fatigue (5), PPE (5), proteinuria (3),
429 asthenia (3), platelet count decreased (6), anemia (4),
thrombocytopenia (5), neutropenia (7), neutrophil count decreased
)
7 (Choueiri et al., 2020) Avelumab + 10 mg/kg every NCT02684006 352 Diarrhea (10.4), hypertension (28.6), fatigue (4.1), PPE (6.5),
(Motzer et al., 2019) axitinib 2w decreased weight (3.9), increased alanine aminotransferase level
(Tomita et al., 2022) + 5 mg bid (6.9)¢
(Haanen et al., 2023) Sunitinib 50 mg/day 355 Diarrhea (3.2), hypertension (18.9), fatigue (3.9), nausea (1.8), PPE
(4.3)
8 (Yan et al., 2023) Axitinib + 5 mg bid + NCT04394975 421 Hypothyroidism (10.1), hyperthyroidism (6.3), rash (4.8)
toripalimab 240 mg/3w
Sunitinib 50 mg/day -
9 (Voss et al., 2019) Axitinib + 5 mg bid NCT01727336 56 Fatigue (3.4), hypertension (10.3), PPE (3.4), anemia (5.2),
dalantercept (+ titration) + hypophosphatemia (5.2), lipase increased (5.2)8
0.9 mg/kg/3w
Axitinib + placebo 5 mg bid + 52 Fatigue (4.9), diarrhea (8.2), hypertension (19.7), nausea (3.3), weight
placebo decreased (3.3), vomiting (3.3), back pain (3.3), hyponatremia (9.8),
ejection fraction decreased (4.9), hypophosphatemia (4.9)
10 (Choueiri et al., Carotuximab + 5 mg bid + NCT01806064 NS Headache (6.9), diarrhea (13.7), fatigue (9.6), hypertension (15.1),
2021b) axitinib 10 mg/kg every weight loss (4.1), anemia (15.1), back pain (4.1)
week
Axitinib 5 mg bid Diarrhea (9.5), hypertension (23), PPE (6.8), proteinuria (10.8)
11 (de Oliveira et al., Axitinib - - Yes
2019)
12 (Ambalavanan and Axitinib - - No
Geller, 2019) Axitinib + Yes
denosumab
13 (Kakoki et al., 2017) Axitinib 5-10 mg/day - Yes
14 (Jiménez et al., 2017) Axitinib 5 mg/m2 bid - No
Axitinib 6.5 mg/m? bid
15 (Sudour-Bonnange Axitinib 3 mg bid - Yes
et al., 2014)
16 (Gurruchaga Sotes Axitinib + 5 mg bid + - Yes
et al., 2021) pembrolizumab 200 mg every 3
weeks

PPE = Palmar-plantar erythrodysesthesia; * hypothyroidism; ® non-hypothyroidism; ¢ carotuximab: anti-endoglin antibody; ¢ total nephrectomy or nephron sparing
surgery; ® adverse events that occur in >10 % in either group; f adverse events that occur in >15 % in either group; & adverse events that occur in >20 % in either group;
h adverse events that occur in >30 % of the total population.
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S Oliveira et al., 2019; Gurruchaga Sotes et al., 2021; Jiménez et al., 2017;
= g2 & Kakoki et al., 2017; Sudour-Bonnange et al., 2014). Altogether, the drug
[T 1 .e . . . .
s} é « e % 1% E: was prescribed as monotherapy to five patients as second-line (n = 2),
= . 3 third-line (n = 1), fourth-line (n = 2) or even sixth-line treatment (n =
§ 1). The combination of axitinib plus pembrolizumab and axitinib com-
N _:'f o E plemented by denosumab were administered as second-line and
E é SR = [ fourth-line treatment, respectively (Ambalavanan and Geller, 2019;
= E Gurruchaga Sotes et al., 2021).
g“ Four patients with MiT-RCC were treated with axitinib monotherapy
[’} ()
g g 8y 2 g (Table 4). Two patients had a TTP of 10 months, one patient an OS of 5
g 2 5 2% g 2 = months and the last patient was reported to have had a clinical response
2 £ 2 E®mgg E before eventually progressing (Ambalavanan and Geller, 2019; Jiménez
@ 2 2 = A= . . .
= g £ 2 &S g -g et al., 2017; Sudour-Bonnange et al., 2014). A patient with papillary
= 3
E E 52 & § RCC had an OS of 2 months after treatment with axitinib (de Oliveira
§ et al., 2019; Kakoki et al., 2017). The combination of axitinib and
e o 5o 2 e 51 denosumab resulted in a time-to-progression (TTP) of 5.5 months
B Q
E%O Fgo = E § g ZE 8 (Ambalavanan and Geller, 2019). Further, the combination of axitinib
oo g x o $E3 = = § f @ é and pembrolizumab induced a partial response and led to a disease-free
o
£ g § § o § IS E R % 5 s % I survival (DFS) of 15 months and an OS of 20 months (Gurruchaga Sotes
& |E®*8 & $58%y 223|& et al., 2021).
A ° 9 & = s - .
£ g d2¢g g s HE|E Overall, axitinib treatment dose was variable between patients and
A g & _Ef E = E EZ S ranged between 3 and 10 mg BID (Table 3). The dose was not available
:E E in three patients. Adverse events were either not reported or they did not
® z § occur, so the relationship between the dose and adverse events was not
5 %" g 2§ g 2 8 M “;F) further studied (Ambalavanan and Geller, 2019; de Oliveira et al., 2019;
ER 2 G hag: . Time . e ; .
& urruchaga Sotes et al., 2021; Jiménez et al., 2017; Kakoki et al., 2017;
= [}
% - 2 5 3 Sudour-Bonnange et al., 2014).
[ [ i3]
5l e E & Il
Sl 8v|lg o 5 A~ AAaa S
~| =2 E|¢ = 2 = 5579 %] . .
0l25|&§ § 8% §£88 P = 4. Discussion
U 5] E ~ ~ 9] 2 ~ ~ e E -
glS8|le & ©E=2 222 EE |3
S|S5E|E E +IE EEE S5 g
g % 3 5 5 2 5 2 5 g e B This systematic review presents an overview of the clinical charac-
B £ ) - - . e o
£ § = 5 £ ‘i"’ teristics and outcome of patients who received axitinib in adult ran-
= = | domized controlled trials and case reports on children and young adults.
o [
= 2 The purpose was to gain insight to the feasibility and efficacy of axitinib
ol g, :‘/‘; in a pediatric RCC setting. So far, knowledge on the value of axitinib for
< | B o . . PR
5| ¢ 5 § °© pediatric- and young adult patients with RCC is still limited due to the
=22 £ 8 lack of available trials.
|l o & 17 . .
2| & 8 In the recent years, multiple new treatment options for clear-cell RCC
g §° have become available for adults but it is not possible to directly
3 = . . o -
E=R T compare and implement these treatments in the pediatric RCC setting
SIE® 8 . . .
Lj‘ TEIS ~ - o o« B © B (Ray et al., 2020). Based on available evidence, the European Associa-
-§ <> E tion of Urology advises the use of axitinib as further-line treatment for
& r:[ adults with metastatic clear cell RCC, as an alternative to the standard of
3|8 = £ care and after prior use of a TKI (Ljungberg et al., 2022). Moreover, the
5 g =) = & B3 omom = g European Association of Urology advises axitinib combined with pem-
3 g brolizumab to be administered first-line in patients with metastatic clear
= 2 p w
=}
s g ﬁ cell RCG, in all IMDC risk groups (Ljungberg et al., 2022). This review
'% S § o« o 4 - g confirms that combining axitinib with PD1 immune checkpoint in-
g% & i hibitors such as pembrolizumab or avelumab in adult patients with
[
= 2 metastatic clear-cell RCC is beneficial, as is reflected by the superior PFS
-"g" B 5 =l and OS in the KEYNOTE-426 and JAVELIN Renal 101 trials (Choueiri
eS| 9 o e o 3 .. .
gl aBg|0 & o O (.= et al., 2021b; Rini et al., 2019; Powles et al., 2020; Plimack et al., 2023)
=} > @ . @ s 5 5 ) ) 5 ’ .
;g = E = Altogether, the RCTs that studied axitinib as adjuvant or first-line
2l e 8 g - —§‘ id treatment did not perform better than placebo or sorafenib in terms of
S| g 2 38 § S g g g g DFS or OS (Ljungberg et al., 2022; Gross-Goupil et al., 2018; Rini et al.,
= i . e
2| o SRR @ 2 < 2016; Tomita et al., 2019). However, as second-line treatment axitinib
2 § E resulted in an improved PFS compared to sorafenib and therefore seems
< —~ IS (2] . . .
3 < B 5§ 2 & 8 g3 more promising than sorafenib.
b= = - © o~ < Q S~ ) ~ 5 = . PR . . .
2| s g =2 8 9 8% 3 o L g Evidence for axitinib monotherapy in adults seems unconvincing, so
gl > se £ S 4 < £33 & - . . . . .
£y % Z s S s &8 F 8 J,L S there might be little incentive from the adult setting to start treating
g e g | i = ; § 2% 8% D.f, £ children and young adults with axitinib. Considering the differences in
g 2 E3% b - . . .
S| y E° £ T 3° 2° é é: RCC histology, biology and genetics between adults and children, there
b~ ~ ~ = g ~ . 1s1s ape s 11 s . . .
; < =2 % s is a possibility that axitinib will induce a different outcome in children
<+ 8 g3 (Ray et al., 2020). The case reports on RCC in children and young adults
N .
% 5 “ - - ® % o 9 Q\; E that are currently available do not have enough power to draw strong
€3 o conclusions on treatment with axitinib, especially considering not all
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outcome details were described. The type of outcome data across the
patients varied and should preferably be compared to sunitinib, which is
recommended by the SIOP-RTSG 2016 UMBRELLA protocol as first-line
agent for adjuvant treatment (van den Heuvel-Eibrink et al., 2017). Next
to the insufficient outcome data, patients were treated with axitinib in a
further-line setting so previous treatments might have affected the
response to axitinib. Although trials are the preferred method for
studying treatments, in pediatrics, trials are a challenge due to the rarity
of pediatric cancer, especially RCC. However, the efficacy of axitinib is
currently being tested in a COG phase II trial for patients with MiT-RCC
(Geller, 2020). Until new evidence is reported, the SIOP-RTSG 2016
UMBRELLA protocol advises sunitinib as first-line treatment in children
with metastatic disease (Ljungberg et al., 2022; van den Heuvel-Eibrink
et al., 2017).

This review creates a novel overview of the clinical characteristics
and current outcome of pediatric-, young adult- and adult patients with
RCC after treatment with the targeted therapy axitinib. Numbers were
too few and histology between patient groups too disparate to compare
adult survival to the pediatric and young adult setting. In addition,
recommendations for the use of axitinib in different disease contexts,
adjuvant or in presence of evident disease, do not share a common vision
between adult and pediatric patients. Nonetheless, there is an ongoing
interest in axitinib in children, as is evident by the axitinib trial set up by
the COG that recently closed to accrual (NCT03595124) (Geller, 2020).
Collaborative efforts are needed to study axitinib and other agents in
larger pediatric settings. Within the SIOP-RTSG 2016 UMBRELLA pro-
tocol, the effects of sunitinib will be prospectively evaluated, which
might lead to future international studies to further explore the possi-
bilities for treatment of advanced RCC in the pediatric setting.
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