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Effects of Exercise Interventions on
Immune Function in Children and
Adolescents With Cancer and HSCT
Recipients - A Systematic Review
Ronja Beller1*†, Sabrina Bianca Bennstein2† and Miriam Götte1

1 Department of Pediatric Hematology/Oncology, Center for Child and Adolescent Medicine, Clinic for Pediatrics III, West
German Cancer Centre, University Hospital Essen, Essen, Germany, 2 Institute for Transplantation Diagnostics and Cell
Therapeutics, Medical Faculty, Heinrich-Heine University Düsseldorf, Düsseldorf, Germany

Background: Pediatric cancer patients are at high risk for life-threatening infections,
therapy associated complications and cancer-related side effects. Exercise is a promising
tool to support the immune system and reduce inflammation. The primary objective of this
systematic review was to evaluate the effects of exercise interventions in pediatric cancer
patients and survivors on the immune system.

Methods: For this systematic review (PROSPERO ID: CRD42021194282) we searched
four databases (MEDLINE, Cochrane Library, ClinicalTrials.gov, SPORTDiscus) in June
2021. Studies with pediatric patients with oncological disease were included as main
criterion. Two authors independently performed data extraction, risk of bias assessment,
descriptive analysis and a direction ratio was calculated for all immune cell parameters.

Findings: Of the 1448 detected articles, eight studies with overall n = 400 children and
adolescents with cancer and n = 17 healthy children as controls aged 4-19 years met the
inclusion criteria. Three randomized, four non-randomized controlled trials and one case
series were analyzed descriptively. The exercise interventions had no negative adverse
effects on the immune system. Statistically significant results indicated enhanced
cytotoxicity through exercise, while changes in immune cell numbers did not differ
significantly. Interventions further reduced days of in-hospitalization and reduced the
risk of infections. Several beneficial direction ratios in immune parameters were identified
favoring the intervention group.

Interpretation: Exercise interventions for pediatric cancer patients and survivors had no
negative but promising beneficial effects on the immune system, especially regarding
cytotoxicity, but data is very limited. Further research should be conducted on the
immunological effects of different training modalities and intensities, during various
treatment phases, and for different pediatric cancer types. The direction ratio
parameters given here may provide useful guidance for future clinical trials.

Systemic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.
php?ID=CRD42021194282, Prospero ID: CRD42021194282.

Keywords: pediatric oncology, childhood cancer, exercise intervention, immune system, inflammation, natural killer
cells, physical performance, physical activity
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INTRODUCTION

Children and adolescents with cancer are at high risk for life-
threatening infections and therapy associated complications.
They further have a risk for disease recurrence or development
of secondary malignancies (1, 2). Thus, interventions are needed
to decrease the probability of cancer-related side effects and
increase the patients’ quality of life. Studies suggest that
enhanced immunosurveillance by cytotoxic natural killer (NK)
cells and T-cells after moderate exercise might be beneficial for
anti-cancer surveillance, as both are highly activated during
acute aerobic exercise (3–6). Especially exercise-induced NK
cells were recognized to have an anti-tumor effect (7).
Furthermore, phagocytosis and oxidative burst in granulocytes
are also increased by exercise (8) suggesting that regular exercise
strengthens the immune system. Exercise induced effects, like
increased NK cell cytotoxicity, lymphocyte proliferation and
increased frequencies of granulocytes, have been reported in
adult cancer patients (9, 10). Thus, performing moderate exercise
interventions regularly might result in fewer infections and better
clinical outcome in cancer patients. Growing evidence
summarized in systematic reviews suggests positive effects of
exercise therapy in pediatric oncology on cardiopulmonary
capacity, functional mobility, muscle strength, quality of life
and fatigue (11–13). Even though research is still limited, the
current studies underline that exercise programs are safe and
feasible in children with oncological diseases, while not
increasing the risk of mortality, cancer recurrence or side
effects (14). Moreover, an in-hospital exercise program seems
to reduce days of hospitalization and treatment costs (15). Of
note, evidence from experimental murine studies have shown
beneficial effects of exercise intervention on graft versus host
disease (GvHD) after hematopoietic stem cell transplantation
(HSCT) (16, 17).

Studies in adult cancer patients already suggest beneficial
effects of exercise on the immune system (9, 10). However, as the
immune system undergoes systematic changes from pre- to post-
birth (18, 19) and during aging (20, 21), the knowledge taken
from the immune response of adult cancer patients after exercise
may not be directly transferable to pediatric cancer patients. The
type, frequency, duration, and intensity of exercise could also
affect the immune system in different ways (22). Therefore,
research studies focusing on how exercise affects the pediatric
immune system of cancer patients is a relevant research question.
The most recent systematic review focusing on general exercise
and the immune system including studies with children and
adults with cancer has been published in 2013 (10). Thus, this
Abbreviations: A, Adherence; ALC, Absolute lymphocyte count; ALL, Acute
lymphoblastic leukemia; ANC, Absolute neutrophil count; CCT, Controlled
clinical trial; CG, Control group; D, Duration; DC, Dendritic cell; EM, Effector
memory; F, Frequency; GvHD, Graft-versus-host disease; GvL, Graft-versus-
leukemia; HSCT, Hematopoietic stem cell transplantation; I, Intensity; KIR,
Killer-cell immunoglobulin-like receptors; IG, Intervention group; MVPA,
Moderate-vigorous physical activity; NCT, Non-randomized controlled trials;
NK cells, Natural killer cells; NKCC, Natural killer cytotoxicity; NKT, Natural
killer T cell; OD, Other designs; RCT, Randomized controlled trials; T, Time;
WBC, Whole blood cell.
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systematic review aims at analyzing the current knowledge on
this topic. The primary objective of the review is to determine the
effects of exercise interventions in pediatric oncology on the
immune system. As secondary objectives the effects on physical
and functional performance, body composition, and
hematopoietic stem cell transplantation (HSCT) outcome will
be discussed.
METHODS

Search Strategy and Selection Criteria
This systematic review was conducted according to the PRISMA
recommendations (23). A comprehensive search by two authors
(RB, MG) of four databases (MEDLINE, Cochrane Library,
ClinicalTrials.gov, SPORTDiscus) was conducted in June 2021.
Search terms were based on PICO (24) for children or adolescents
with cancer and/or recipients of stem cell transplantation during
and after acute cancer therapy (Patient Population), exercise
(Intervention), usual care/healthy control group (Comparator
group), and immune function (Outcome). A combination of
MeSH terms and search terms in title/abstract and relevant
headings, keywords and synonyms for the search focuses was
used. There were no restrictions in terms of publication date. The
exact search terms are listed in Supplement 1 and inclusion and
exclusion criteria are shown in Supplement 2. The protocol of this
review was registered in PROSPERO https://www.crd.york.ac.uk/
prospero/display_record.php?ID=CRD42021194282.

After removing duplicates, two authors (RB, SBB)
independently reviewed all identified studies by reviewing titles
and abstracts. Remaining studies were checked accordingly for
eligibility in full text (Supplement 5). Disagreements between the
reviewers were discussed between the two researchers. If no
consensus was reached, a third researcher (MG) was contacted.
Eligible studies as well as identified systematic reviews were further
screened for potentially missed relevant studies (Figure 1).

Data Analyses
Two authors (RB, SBB) assessed the risk of bias of included studies
according to the PEDro scale (26). The PEDro scale is based on the
Delphi list and was made for assessment of internal validity and
sufficient statistical information (27). This tool is applicable for
randomized clinic trials like randomized controlled trials (RCTs)
and controlled clinical trial (CCT). The risk of bias was rated on a
scale of 0-10 points (Supplement 3) and any disagreements were
resolved by consensus. Two authors (RB, SBB) independently
reviewed all identified studies and extracted relevant information
for eachstudy into standardized tables (seeSupplement4 fordetails
ondata extraction andTable 1 for results). A third researcher (MG)
collected this information for each study.

For clarity only p-values for significant values are shown in
Table 1. Due to the limited numbers of studies, different study
designs and heterogeneous immunological parameters analyzed,
no meta-analysis was conducted. We calculated a direction ratio
for each immunological parameter analyzed within the different
studies between the start and end point: Direction arrows were
given if the ratio of an immunological parameters within the
September 2021 | Volume 12 | Article 746171
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intervention group (IG) differs more than 30% (value IG > 30%
control group (CG)/healthy controls) compared to the CG or
healthy controls. Calculation and results are shown in
Supplement 4 and Table 1.
RESULTS

In total, 1448 articles were identified in the systematic search,
where eight studies were included within this review (Figure 1,
Frontiers in Immunology | www.frontiersin.org 37
exclusion criteria listed in Supplement 2). Of those, three studies
were RCTs (29, 31, 32), four were NCTs (15, 28, 30, 34) and one
case series (33). Seven of these studies focused on chronic effects
(15, 28–33) of regular exercise and one of them on acute effects
after exercise (34). Immune parameters were primary outcomes
in five studies (28, 29, 32–34) and secondary outcomes in three
studies (15, 30, 31). A total of 400 children within an age range of
four to 19 years with different cancer types, such as solid tumor,
leukemia, and neoplasms, and 17 children as healthy controls
participated in the included studies. 246 boys and 154 girls took
FIGURE 1 | Flow diagram according to Prisma guidelines (25).
September 2021 | Volume 12 | Article 746171
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TABLE 1 | Characteristics and Results of Included Studies.

e Within-
rences (Time)

Outcome interaction
(group x time)

Direction ratio [Intervention (IG)
vs. Control (CG) group or
healthy control group (HC)]

t after multiple
-lymphocytes
D4+ (p = .032);

Not significant after
multiple correction:
DC’s (p = .045)

30d vs 15d post-HSCT:
Leukocytes IG: 4.1 vs.

CG: 2.5
↑

Lymphocytes IG: 2.5 vs.
CG: 5.1

↓

Monocytes IG: 1.4 vs.
CG: 1.4

!

T-cells IG: 3.3 vs.
CG: 5.2

↓

NKs IG: 1.7 vs.
CG: 3.5

↓

NKT IG: 1.9 vs.
CG: 4.1

↓

CD4+ IG: 1.9 vs.
CG: 3.8

↓

CD8+ IG: 3.2 vs.
CG: 7.4

↓

DC`s IG: 1.3 vs.
CG: 1.2

!

Not significant after
multiple correction:

Pre vs. post exercise program

:

Mean ratio NKs: IG: 2.2 vs.
CG: 2.7

!

CD56dim (p = .03)
%
NKs IG: 5.1 vs.

CG: 2.1
↑

Ratio: CD56dim IG: 1.3 vs.
CG: 1.0

!

CD56bright IG: 0.5 vs.
CG: 1.0

↓

NKCC (p <.05) NKG2D IG: 1.0 vs.
CG: 0.9

!

NKp30 IG: 1.2 vs.
CG: 0.5

↑

NKp44 IG: 0.4 vs.
CG: 2.0

↓

pg/ml:
IL-2 IG: 2.0 vs.

CG: 1.0
↑

IL-4 IG: 2.6 vs.
CG: 0.8

↑

IL-6 IG: 3.5 vs.
CG: 2.3

↑

IL-8 IG: 4.8 vs.
CG: 4.1

!

IL-10 IG: 2.2 vs.
CG: 1.1

↑

IFNg IG: 2.8 vs.
CG: 0.8

↑

TNFa IG: 2.5 vs.
CG: 0.9

↑

GM-CSF IG: 1.8 vs.
CG: 0.5

↑

t after multiple Not significant after
multiple corrections:

30d vs 15d post-HSCT

allo-HSCT
:
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Reference number,
Registration number
and name of register

Study design Participant
characterization

N (IG/
CG/HC)

Intervention Description Frequency (F)/Intensity(I)/Time (T)/
Duration (D)/Adherence (A)

Outcome Between-Group
Differences (Group)

Outcom
Group Diffe

Effects of exercise intervention in context of HSCT on immune parameter
28 Historically controlled

study – NCT
Age 20 (7/

13/0)
IG: F: 5x/wk (3 x aerobic, 2 x aerobic &

strength)
No significant differences Not significa

correction: T
(p = .040); C
DC`s
(p = .001)

IG: 8 ± 4 yr Supervised in-hospital strength &
aerobic exercises

(5-16 yr);

CG: 7 ± 3 yr

(4-13 yr) I: 50 % - 70 % of age predicted max.
HR, hypertrophy training

Cancer entities CG:

Mixed high-risk cancer needing
allo-HSCT

Usual care (no training)

Treatment-phase T: ~50 min

On-treatment during allo-HSCT D: mean ~3 wks
(until discharge)
A: 92 ± 8% of planned sessions

29 RCT Age 6 IG: F: 3x/wk (1x supervised, 2x home-based) N/A N/A

IG: 12.7 ± 4.0 yr (9-17 yr); (3/3/0) Supervised in-hospital & home-
based strength & aerobic
exercises I: N/A

T: 60 min
CG: 13.3 ± 5.5 yr D: 10 wks

(8-19 yr) A: 80.3 ± 1.4%

CG:

Usual care (no training)

Cancer entities

Mixed cancer types after allo-
HSCT

Treatment-phase

On-treatment after discharge of
allo-HSCT

30 NCT Age 118 IG: F: 5x/wk Not significant after multiple
corrections:

Not significa
corrections:

IG: 11 ± 5 yr (5-18 yr); (66/54/0) Supervised in-hospital strength &
aerobic exercises

I: 65-80% of age predicted max. HR

8

n

n
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TABLE 1 | Continued

Within-
nces (Time)

Outcome interaction
(group x time)

Direction ratio [Intervention (IG)
vs. Control (CG) group or
healthy control group (HC)]

allo- HSCT Leukocytes IG: 2.8 vs.
CG: 3.5

!Neutrophils IG: 5.5 vs.
CG: 5.0

!

#: Lymphocytes IG: 1.9 vs.
CG: 2.4

!

EM CD4+ (p =
.005)

Monocytes IG: 0.9 vs.
CG: 1.6

↓

(p <.001) Naïve
CD4+

(p =
.005)

T-cells IG: 5.6 vs.
CG: 1.4

↑

(p <.001) Treg (p =
.003)

actCD4+ IG: 1.3 vs.
CG: 2.8

↓

CD56bright (p =
.003)

CM CD4+ IG: 1.3 vs.
CG: 1.7

!

(p =
.001)

EM CD4+ IG: 1.6 vs.
CG: 2.0

!

(p <.001) naive CD4+ IG: 1.5 vs.
CG: 2.6

↓

(p <.001) Treg IG: 1.0 vs.
CG: 1.1

!

(p =
.007)

auto-HSCT: CM CD8+ IG: 1.7 vs.
CG: 1.8

!

(p <.001) EM CD8+ IG: 11.6 vs.
CG: 26.3

↓

(p <.001) Naive CD8+ IG: 4.0 vs.
CG: 1.7

↑

NKs IG: 3.3 vs.
CG: 2.4

↑

(p <.001) : CD56bright IG: 4.0 vs.
CG: 2.0

↑

(p <.001) Naïve CD4+ (p =
.001)

CD56dim IG: 3.0 vs.
CG: 3.0

!

(p =
.001)

CD4+ (p =
.048)

mB-cells IG: 2.3 vs.
CG: 0.4

↑

(p <.001) CD8+ (p =
.041)

CD4+ IG: 1.4 vs.
CG: 2.0

↓

(p <.001) CD8+ IG: 4.2 vs.
CG: 3.9

!

(p<.001) DCs IG: 0.8 vs.
CG: 1.2

↓

(p =
.034)

auto-HSCT
:

(p =
.027)

Leukocytes IG: 1.0 vs.
CG: 1.5

!

Neutrophils IG: 1.2 vs.
CG: 1.7

(p =
.040)

Lymphocytes IG: 0.9 vs.
CG: 1.5

↓

(p <.001) Monocytes IG: 1.7 vs.
CG: 1.4

!

(p <.001) T-cells IG: 1.3 vs.
CG: 1.8

!

(p =
.027)

actCD4+ IG: 1.0 vs.
CG: 1.6

↓

(p =
.019)

CM CD4+ IG: 0.8 vs.
CG: 1.5

↓

(p =
.008)

EM CD4+ IG: 1.3 vs.
CG: 0.9

↑

naive CD4+ IG: 1.6 vs.
CG: 0.9

↑

Treg ↓
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Reference number,
Registration number
and name of register

Study design Participant
characterization

N (IG/
CG/HC)

Intervention Description Frequency (F)/Intensity(I)/Time (T)/
Duration (D)/Adherence (A)

Outcome Between-Group
Differences (Group)

Outcom
Group Differ

CG: 10 ± 4 yr (4-18yr) allo- HSCT allo- HSCTT: ~60 min

allo-
HSCT

#: #:

D: ~3 wks Lymphocytes

(p =
.045)

Leukocytes

IG: n =
47

CG: A: 80.3 ± 1.4% T-cells (p =
.006)

Neutrophils

actCD4+ (p =
.004)

Lymphocytes

Cancer entities Usual care (no training) CM CD4+ (p =
.011)

CG: n=
39

CD56bright (p =
.011)

T-cells

Mixed high risk cancer types
needing allo- or auto-HSCT

CD8+ (p =
.024)

actCD4+

CM CD4+

auto-HSCT: EM CD4+

Naïve CD4+

auto-
HSCT

: Treg

Leukocytes (p =
.001)

Naïve CD8+

Neutrophils (p =
.048)

NKs

IG: n =
18

Monocytes (p =
.005)

CD56bright

T-cells (p =
.037)

CD56dim

Treatment-phase Naïve CD4+ (p <.001) mB-cells

CG: n =
14

CD4+ (p =
.008)

DCs

DCs (p =
.019)

On-treatment during allo- or auto-
HSCT

Auto-HSCT:
:
Lymphocytes

CM CD4+

EM CD4+

Naïve CD4+

Treg

CD4+

CD8+
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TABLE 1 | Continued

Within-
nces (Time)

Outcome interaction
(group x time)

Direction ratio [Intervention (IG)
vs. Control (CG) group or
healthy control group (HC)]

IG: 1.3 vs.
CG: 2.2

CM CD8+ IG: 1.3 vs.
CG: 0.4

↑

EM CD8+ IG: 1.3 vs.
CG: 2.7

↓

Naive CD8+ IG: 2.1 vs.
CG: 1.5

↑

NKs IG: 1.3 vs.
CG: 1.8

!

CD56bright IG: 2.6 vs.
CG: 2.0

!

CD56dim IG: 0.9 vs.
CG: 1.6

↓

mB-cells IG: 0.8 vs.
CG: 0.8

!

CD4+ IG: 1.2 vs.
CG: 1.4

↓

CD8+ IG: 1.5 vs.
CG: 1.2

!

DCs IG: 0.9 vs.
CG: 0.8

!

differences No significant
differences

Post exercise program

N/A
‡

Not significant after
multiple corrections:

Pre vs. Post exercise program

(p <.001)

#:
after multiple %: Leukocytes IG: 0.7 vs.

CG: 0.7
!

KIR2DS4 (p =
.028)

T-cells IG: 0.6 vs.
CG: 0.7

!

NKp46 (p =
.037)

B-cells IG: 0.8 vs.
CG: 0.3

↑

NKs IG: 2.2 vs.
CG: 1.0

↑

(p =
.017)

pg/ml: NKT IG: 1.5 vs.
CG: 1.3

!

(p=
.004)

PDGF (p =
.023)

CD56dim IG: 1.8 vs.
CG: 0.9

↑

CD56bright IG: 20.0 vs.
CG: 3.0

↑

KIR2DL1 IG: 0.5 vs.
CG: 0.8

↓

KIR2DL2/3 IG: 1.0 vs.
CG: 1.0

!

KIR3DL1 ↑
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Reference number,
Registration number
and name of register

Study design Participant
characterization

N (IG/
CG/HC)

Intervention Description Frequency (F)/Intensity(I)/Time (T)/
Duration (D)/Adherence (A)

Outcome Between-Group
Differences (Group)

Outcom
Group Differ

31;
ClinicalTrials.gov ID:
NCT01575704

RCT Age 57 (28/
29/0)

IG: F: 5x/wk No significant differences No significant

IG: 11 yr Supervised in-hospital strength &
aerobic exercises

I: IG: moderate training targeted with
RPE (12–14)(5-17 yr)

CG: 12 yr allo-
HSCT(6-18 yr) T: 30-60 min
IG: n =
31

CG: D: ~6 wks (until discharge)

Cancer entities Mental & relaxation training (no
training)CG: n =

30
A: IG: 94.4 (63.3-100) %, CG: 68.2 (5.8–
100) %

Mixed high risk cancer needing
allo- or auto-HSCT

auto-
HSCT
IG: n = 4

Treatment-phase
On-treatment during allo- or auto-
HSCT

CG: n =
5

Effects of regular exercise intervention in context of chemotherapy on immune parameter
32; RCT Age 20 IG: F: 3x/wk Not significant after multiple

corrections:
%:

NKT*

IG: 11 ± 4 yr (9/11/0) Supervised in-hospital (patient`s
room or hospital gym) strength &
aerobic exercises

I: 60%–70% of measured max HR, 8-15
rep (hypertrophy training)ClinicalTrials.gov ID:

NCT01645436
%: Not significan

corrections:
CG: 12 ± 4 yr NK 69 (p =

.013)
NKp44 (p =

.021)
%:

NKCC (ratio): CD56bright

Cancer entities T: 60-70 min Ratio 8:1 (p=
.038)

NKp44

D: 17 wks ± 5

Solid tumors

(sarcoma, lymphoma, blastoma) A: 70%
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TABLE 1 | Continued

Within-
nces (Time)

Outcome interaction
(group x time)

Direction ratio [Intervention (IG)
vs. Control (CG) group or
healthy control group (HC)]

IG: 0.5 vs.
CG: 0.3

NK 25 IG: 2.0 vs.
CG: 2.0

!

NK 69 IG: 2.0 vs.
CG: 1.5

↑

KIR2DS4 IG: 1.7 vs.
CG: 1.3

↑

NKG2D IG: 1.6 vs.
CG: 1.0

↑

NKp44 IG: 2.0 vs.
CG: 1.0

↑

NKp46 IG: 1.5 vs.
CG: 1.0

↑

NKp30 IG: 1.7 vs.
CG: 1.0

↑

DNAM IG: 2.3 vs.
CG: 1.3

↑

NKG2A IG: 2.0 vs.
CG: 1.2

↑

CXCR6 IG: 0.3 vs.
CG: 1.0

↓

%:
T-cells IG: 0.8 vs.

CG: 1.1
!

B-cells IG: 0.5 vs.
CG: 0.3

↑

NKs IG: 2.4 vs.
CG: 1.3

↑

NKT IG: 1.0 vs.
CG: 1.7

↓

CD56dim IG: 0.9 vs.
CG: 1.1

!

CD56bright IG: 2.5 vs.
CG: 1.8

↑

KIR2DL1 IG: 0.4 vs.
CG: 0.6

↓

KIR2DL2/3 IG: 0.8 vs.
CG: 1.2

↓

KIR3DL1 IG: 0.3 vs.
CG: 0.4

!

NK 25 IG: 1.1 vs.
CG: 1.8

↓

NK 69 IG: 1.3 vs.
CG: 1.1

!

KIR2DS4 IG: 1.0 vs.
CG: 1.8

↓

NKG2D IG: 1.0 vs.
CG: 1.2

!

NKp44 IG: 1.0 vs.
CG: 1.7

↓

NKp46 IG: 1.2 vs.
CG: 2.9

↓

NKp30 IG: 1.1 vs.
CG: 1.3

!

DNAM IG: 0.9 vs.
CG: 1.5

↓

NKG2A IG: 1.0 vs.
CG: 1.3

!

CXCR6 IG: 1.0 vs.
CG: 1.8

↓

NKCC (ratio):
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Registration number
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Study design Participant
characterization

N (IG/
CG/HC)

Intervention Description Frequency (F)/Intensity(I)/Time (T)/
Duration (D)/Adherence (A)

Outcome Between-Group
Differences (Group)

Ou
Group

CG:

Usual care (no training)

Treatment-phase

On-treatment during neoadjuvant
therapy
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TABLE 1 | Continued

Within-
nces (Time)

Outcome interaction
(group x time)

Direction ratio [Intervention (IG)
vs. Control (CG) group or
healthy control group (HC)]

8:1 IG: 0.7 vs.
CG: 0.5

↑

4:1 IG: 0.8 vs.
CG: 0.8

!

2:1 IG: 0.8 vs.
CG: 0.9

!

1:1 IG: 0.7 vs.
CG: 1.0

↓

pg/ml:
CTACK IG: 1.1 vs.

CG: 0.9
!

Eotaxin IG: 1.0 vs.
CG: 1.5

↓

FGF IG: 1.1 vs.
CG: 1.3

!

GSCF IG: 1.1 vs.
CG: 0.7

↑

GRO-a IG: 1.4 vs.
CG: 0.7

↑

HGF IG: 1.4 vs.
CG: 1.0

↑

ICAM IG: 1.0 vs.
CG: 0.9

!

IFNg IG: 1.1 vs.
CG: 1.0

!

IL-1a IG: 0.9 vs.
CG: 0.9

!

IL-2 IG: 1.1 vs.
CG: 1.1

!

IL-3 IG: 0.7 vs.
CG: 2.0

↓

IL-4 IG: 0.9 vs.
CG: 1.0

!

IL-6 IG: 1.0 vs.
CG: 0.8

!

IL-7 IG: 1.3 vs.
CG: 0.5

↑

IL-8 IG: 0.5 vs.
CG: 0.8

↓

IL-9 IG: 1.0 vs.
CG: 1.1

!

IL-10 IG: 0.5 vs.
CG: 0.6

!

IL-16 IG: 0.9 vs.
CG: 0.6

↑

IL-18 IG: 1.3 vs.
CG: 0.9

↑

IP10/
CXCL10

IG: 1.9 vs.
CG: 0.6

↑

MCP1/CCL2 IG: 1.4 vs.
CG: 1.0

↑

MCP3/CCL7 IG: 3.6 vs.
CG: 0.5

↑

MIG/CXCL9 IG: 1.6 vs.
CG: 0.9

↑

MIF IG: 1.4 vs.
CG: 0.5

↑

MIP-1 a/
CCL3

IG: 0.6 vs.
CG: 0.9

↓

MSCF IG: 0.8 vs.
CG: 1.5

↓

PDGF IG: 1.4 vs.
CG: 0.8

↑

TNF-b IG: 0.6 vs.
CG: 0.8

!
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Outcome Between-Group
Differences (Group)

Out
Group D
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TABLE 1 | Continued

Within-
nces (Time)

Outcome interaction
(group x time)

Direction ratio [Intervention (IG)
vs. Control (CG) group or
healthy control group (HC)]

TRAIL IG: 1.2 vs.
CG: 0.8

↑

VCAM1 IG: 1.1 vs.
CG: 1.2

!

VEGF IG: 0.7 vs.
CG: 0.8

!

No significant Pre vs. Post exercise program

<.0001) differences Leukocytes IG: 0.6 vs.
CG: 0.8

↓

differences in N/A Pre vs. Post exercise program

nges in HC:
Leukocytes IG: 0.9 vs.

HC: 0.8
!

Lymphocytes IG: 0.6 vs.
HC: 1.3

!

Monocytes IG: 0.7 vs.
HC: 1.3

↓

Granulocytes IG: 0.6 vs.
HC: 0.8

!

T-cells IG: 0.6 vs.
HC: 0.8

!

CD4+ IG: 0.4 vs.
HC: 1.1

↓

CD8+ IG: 0.7 vs.
HC: 0.9

!

B-cells IG: 7.0 vs.
HC: 1.1

↑

NKs IG: 0.8 vs.
HC: 0.9

!

CD25+ IG: 0.3 vs.
HC: 0.6

↓

CD122+ IG: 1.3 vs.
HC: 0.8

↑

Ratio:
CD4+/CD8+ IG: 0.8 vs.

HC: 1.1
!

Cytolytic
activity:
Spontaneous IG: 2.3 vs.

HC: 0.6
↑

IL-2-induced IG: 1.3 vs.
HC: 0.7

↑

Proliferation:
PHA-induced IG: 0.5 vs.

HC: 1.1
↓

PWM-
induced

IG: 0.6 vs.
HC: 1.0

↓

Ratio of active
neutrophils compared
to unstimulated
neutrophils at time 0:

Pre vs. Post exercise
intervention

(p =
.023)

:

(p =
.008)

WBC IG: 1.3 vs.
HC: 1.4

!

ALC IG: 1.5 vs.
HC: 1.3

!

Monocytes !
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Reference number,
Registration number
and name of register

Study design Participant
characterization

N (IG/
CG/HC)

Intervention Description Frequency (F)/Intensity(I)/Time (T)/
Duration (D)/Adherence (A)

Outcome Between-Group
Differences (Group)

Outcom
Group Differ

15 NCT Age 169 IG: F: 2-3x/wk No significant differences #
IG: 11 ± 3 yr (4-17 yr); (68/101/

0)
Supervised in-hospital strength &
aerobic exercises

I: 65-80% of age predicted max. HR Leukocytes* (

CG: 11 ± 4 yr (4-18yr) T: ~60-70 min
Cancer entities D: ~22 wks
Solid tumor & leukemia CG: A: N/A

Usual care (no training)
33 CS Age 17 IG & HC: Supervised of fitness

instructor or parents aerobic
exercise

F: 3x/wk Initial resting immune
function (IG vs. HC):

No significant
IG

IG: 14 ± 0.6 yr; (3/3/ 11) I: 70%–85% of measured max HR,

CG: 13.0 ± 3.1 yr; Significant cha
HC: N/A CG: T: 30 min Leukocytes* Leukocytes*

Cancer entities Usual care (no training) D: 12 wks Lymphocytes* CD3+*

IG & CG: ALL & neoplasms A: N/A CD3+* CD25+*

HC: healthy controls CD4+*

Treatment-phase CD8+*

On Treatment after induction
therapy

CD19+*

CD25+*

PHA-induced lymphocyte

proliferation*

Effects of acute exercise intervention on immune parameter
34 NCT Age 10 IG & HC: Supervised in-hospital

moderate to vigorous
intermittent aerobic exercise

F: N/A #: #:

(4/0/6) I: 70-85% of measured VO2 peak ALC* (p =
.000)

WBC*

IG: 11.3 ± 5.3 yr Eosinophils* ALC*

HC: 10.8 ± 4.6 yr (p =
.006)

Monocytes
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TABLE 1 | Continued

ween-Group
s (Group)

Outcome Within-
Group Differences (Time)

Outcome interaction
(group x time)

Direction ratio [Intervention (IG)
vs. Control (CG) group or
healthy control group (HC)]

(p =
.059)

IG: 1.5 vs.
HC: 1.5

Ratio time15*

Eosinophils* (p = .006) Eosinophils IG: 1.0 vs.
HC: 1.1

!

neutrophils
nstimulated
ime 0:

(p =
.042)

Basophils IG: 1.6 vs.
HC: 1.9

!

Ratio of active neutrophils
compared to unstimulated
neutrophils at time 0 (Post vs. Pre
exercise):

Ratio of active neutrophils:

(p =
.048)

pre-post exercise Ratio time5 IG: 0.8 vs.
HC: 0.7

!

Ratio time10 IG: 0.6 vs.
HC: 0.4

!

(p =
.074)

(p =
.011)

Ratio time15 IG: 0.8 vs.
HC: 0.6

!

post to 1-h
post exercise

(p =
.045)

Pre- vs. 2-h post exercise
intervention

(p =
.050)

:

1-h to 2-h post exercise WBC IG: 1.1 vs.
HC: 1.2

!

ALC IG: 1.1 vs.
HC: 1.1

!

(p =
.052)

Monocytes IG: 1.3 vs.
HC: 1.2

!

Eosinophils IG: 0.7 vs.
HC: 0.9

!

(p =
.029)

Basophils IG: 1.0 vs.
HC: 1.6

↓

Ratio of active neutrophils
compared to unstimulated
neutrophils at time 0 (2-h post vs.
Pre exercise):
Ratio time 5
min

IG: 0.6 vs.
HC: 1.2

↓

Ratio time 10
min

IG: 0.4 vs.
HC: 1.2

↓

Ratio time 15
min

IG: 0.5 vs.
HC: 1.7

↓

roup Differences (Group), Outcome Within-Group Differences (Time), and Outcome
tment by baseline (15, 32), final by initial (33), and post- exercise or 2-h post exercise
e possible, because only data for one time point is available even after further inquiry;
group, ALC, absolute lymphocyte count; ANC, absolute neutrophil count, B, B cells;
splantation; IG, Intervention group; IL, Interleukin; KIR, killer cell immunoglobulin-like
controlled trial; T, T cells; WBC, whole blood cells; wks, weeks; yr, years; h, hour(s);
lls, mature B-cells.
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Reference number,
Registration number
and name of register

Study design Participant
characterization

N (IG/
CG/HC)

Intervention Description Frequency (F)/Intensity(I)/Time (T)/
Duration (D)/Adherence (A)

Outcome Bet
Difference

T: 30 min (10 min walk, 10 min run, 10
min walk)

Ratio of active
compared to u
neutrophils atCancer entities

D: N/A! acute effects
IG: Pre B-ALL

A: N/A Ratio time5*

HC: healthy controls

Ratio time10◊

Treatment-phase

Ratio time15*

On maintenance treatment Neutrophil
oxidative burst

time 0

Characteristics, exercise descriptions and results from the included studies are summarized. P-values are shown within the columns: Outcome Between-G
interaction (group x time). A trend ratio was calculated by dividing values 30d post-HSCT by 15d post- HSCT (28, 30), post-HSCT by pre-HSCT (29), posttre
by pre-exercise (34).*, significant (p-values are shown if reported), ◊, significant with p <.1 due to the small sample size of the study; ‡, no calculation of chang
#, cell count, %, percent, ↓↑!, Direction of trend or difference if the ratio of the intervention group differs >30% compared to the ratio of the control/healthy
CD, cluster of differentiation; CG, Control group; CS, case series; DC, dendritic cells; ex., exercise; HC, Healthy controls; HSCT, Hematopoetic stem cell tra
receptors; min, minute(s); N/A, data not available; NCT, Non-randomized controlled trial; NK, natural killer cells; NK T, natural killer T cells; RCT, Randomized
actCD4+, activated CD4+ T cells; CM CD4+, central memory CD4+ T cells; EM CD4+, effector memory CD4+ T cells; Treg, regulatory CD4+ T cell; mB-ce
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Beller et al. Exercise Intervention in Pediatric Cancer
part in the included studies, whereas sex is not mentioned in one
study (n = 17) (33). Treatment phases and cancer treatment
differed within the studies. Detailed study characterizations are
available inTable 1. Risk of bias assessment could be performed for
the three RCTs and studies scored with 4 out of 10 (32), 6 out of 10
(29), and 5 out of 10 (31) possible points (see Supplement 3).

Most studies focused on mixed interventions with strength
and aerobic exercises. In the study of Chamorro-Vina et al. (28),
Morales et al. (30) and Senn-Malashonak et al. (31) participants
attended a supervised in-hospital exercise program five times per
week for about three weeks until discharge during HSCT.
In Chamorro-Vina et al. (29) children performed three times
per week a supervised in-hospital & home-based training after
discharge of HSCT for ten weeks. In Fiuza-Luces et al. (32)
children participated at the supervised in-hospital exercise
program three times per week for about 17 weeks on-
treatment during neoadjuvant therapy. In Morales et al. (15)
participants trained supervised in-hospital two to three times per
week for about 22 weeks.

Only in two studies (33, 34) exercise programs consisted of
aerobic exercises alone. In Shore and Shepard (33) children
participated three times per week for 12 weeks in a supervised
aerobic exercise training. In Ladha et al. (34) children attended a
supervised in-hospital moderate to vigorous intermittent aerobic
exercise test for 30 minutes. Detailed exercise modalities are
described in Table 1.

Effects of Regular Exercise
Intervention in the Context of
HSCT on Immune Parameters
Four studies focused on the immunological changes in the context
of HSCT (28–31). Significant effects of the intervention (group x
time) were seen for DC counts (p= .045) (28) and following T cell
subset counts: effector memory (EM) CD4+ (p = .005), regulatory
CD4+ T cells (Tregs, p = .003), and naïve CD4+ T cells (p= .005)
during allo-HSCT as well as CD8+ T cells (p = .041), naïve CD4+ T
cells (p= .048), and total CD4+ T cell counts (p = .048) during auto-
HSCT (30). A significant intervention induced effect (group x time)
was noticed for CD56bright NK cell counts in patients receiving allo-
HSCT and CD56dim NK cells (mean ratio) showing a significant
increase in the IG compared to the CG (p= .003; p = .03) (29, 30).
Detected time (within-group) effects within various immune cell
subset counts were dominantly seen in patient receiving allo-HSCT,
whereas patients receiving auto-HSCT showed more differences in
immune cell counts between IG and CG (between- group) (30). All
reported significances became non-significant after adjustment for
multiple comparison (Supplement 4). No further significant
intervention induced effect has been noticed for NK cell specific
cell surface receptors, such as NKG2D, NKp30, and NKp44.

The NK cells were analyzed for their cytotoxic potential against
the target cell line K562 from both groups. A ratio of observed
natural killer cytotoxicity (NKCC) pre-training and post-training
for groupswas calculated.TheNKCCwas significantlyhigher in the
IG compared to the CG (8 times higher, p <.05) (29). In line with
slightly higher cytotoxic NK cell potential, a decreased risk of
infections was reported within the IG (30).
Frontiers in Immunology | www.frontiersin.org 1115
Serum cytokines levels were measured for eight different
cytokines (Table 1). No significant intervention effect was
found between the two groups. However, a slight increase of
IL-2, IL-4, IFNg, TNFa, and GM-CSF was observed within the
IG, while no change was seen within the CG for the first four
cytokines, but a decrease for GM-CSF (29).

Effects of Regular Exercise Intervention
in Context of Chemotherapy on
Immune Parameters
Three studies examined changes within the immune system in
patients with solid tumors and leukemia receiving chemotherapy
(15, 32, 33). No significant interaction (group x time) effect for
leukocytes or lymphocyte subset counts was reported. Different
dynamics in leukocyte counts were seen for IG and CG during
follow-ups unto 5-years after posttreatment (15). From
posttreatment and within the 1-year follow-up both groups
showed significant decreased leukocyte counts compared to
baseline (within-group, all p-values <.001). Within the 2-year
follow-up, leukocyte counts in IG differed non-significantly
compared to baseline (p = .192), while leukocyte counts remained
significantly decreased in CG (p = .011). A slight decrease was also
seen within the 3-year follow up in CG (p = .061), but not seen
within the 4- and 5-year follow-up (15). The study further reported
significantly decreased days of in-hospitalization for the IG
compared to CG (p = .031) resulting in reduced treatment costs.

When analyzing various NK cell receptors needed for
recognition of HLA-class I molecules and other important NK
cell receptors, most receptors showed no intervention effect
(group x time), but a trend towards an interaction effect was
seen for the KIR2DS4 which remained stable in the IG but
increased in the CG (p = .028).

In two studies the cytotoxic potential of the cells were analyzed
either by the spontaneous or IL-2-induced cytolytic activity of all
mononuclear cells (33) or target-induced NKCC (32), however no
significant intervention effect (group x time) was reported. Shore
and Shepard (33) showed higher baseline levels of spontaneous as
well as IL-2-induced cytolytic activity in the healthy controls
compared to the IG (pediatric cancer patients). After exercise, a
decrease of spontaneous as well as IL-2-induced cytolytic activity
was observed within the healthy controls, while both activities
increased in the IG to comparable levels as the healthy controls
(33). Fiuza-Luces et al. (2017) reported (32) higher baseline levels of
NKCC for all four dilutions in the IG (8:1 – 1:1), which was stable
for the next two time points after intervention as well. No significant
intervention effect (group x time) was reported for NKCC (32). No
significant intervention effect (group x time) was seen for the 31
analyzed inflammatory cytokines after testing for multiple
corrections (p = .0016) (32).

Effects of Acute Exercise Intervention on
Immune Parameters
One study focused on the effects on neutrophil count and function
after an acute 30-minute exercise intervention (34). IG values were
compared to age- and sex-matched healthy controls. Both groups
received anacuteboutof aerobic exercise andneutrophil counts and
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functionwere analyzed pre-exercise, post-exercise, 1h, and 2hpost-
exercise. Neutrophil oxidative burst was monitored at 0min, 5min,
10min, and 15min (34). The authors observed a significant increase
in whole blood cell (WBC, p = .002), absolute neutrophil count
(ANC, p = .006), and absolute lymphocyte count (ALC, p = .003) as
well as a significantdecrease in eosinophils (p= .003) inbothgroups
from pre-exercise to post-exercise. The effects on absolute
lymphocyte counts and eosinophils were also significant within
the group analyses (ALC, p = .000, eosinophils p = .003). When
comparing the oxidative burst capacity of the neutrophils between
IG and healthy controls, the study showed a significant higher
capacity at 0min within the healthy controls compared to IG (main
effect for group, p = .029). After 5min, 10min, and 15min the IG
showed a significant higher oxidative burst compared to the healthy
controls (p = .048,.078,.050, the study set the significant p-value to
p <.1 due to low number of participants).

Direction Ratios of the
immunological Changes
Direction ratios in the context of HSCT with regular exercise
intervention showed different immune cell reconstitution
dynamics between allo-HSCT and auto-HSCT. In IG
compared to CG 30d post-HSCT to 15d post-HSCT either no
change or an increase in leukocytes counts were observed. An
increase in mature immune cell subsets regarding total NK cell,
CD56bright NK cell, total T cell, effector memory (EM) CD8+ T
cell, and memory B cell counts in patients receiving allo-HSCT
was detected, compared to patients with auto-HSCT. Patients
with auto-HSCT showed an increase in naïve CD4+ and EM
CD4+ T cells. Both patients’ cohorts showed increased naïve
CD8+ T cell counts (Table 1).

NKcell andNKp30+NKcell frequencies aswell as serumcytokine
levels of IL-2, IL-4, IL-6, IFNg, IL-10, TNFa, and GM-CSF were
higher in the IG compared to the CG post-exercise intervention
compared to pre-exercise intervention after discharge of HSCT.

Total cell counts of NK cells and expression of certain NK cell
specific molecules (3DL1, CD69, 2DS4, NKG2A, NKG2D, NKp44,
NKp46, NKp30, DNAM) were increased in the IG receiving
neoadjuvant therapy compared to the CG after usual care. This
was also seen forNKcell frequencies, due toCD56brightNKcells, but
not for frequencies of NK-specific molecules which decreased.
Furthermore, 13 out of 30 inflammatory serum cytokines levels
were increased and five out of 30 decreased (Table 1). Two studies
showed a direction ratio increase of the IG compared to CG or
healthy controls in B cell counts and cytotoxicity (8:1 NKCC or
spontaneous cytolytic activity).Besides increase in total lymphocyte
counts,monocytes,CD4+Tcells,CD25+, andCD122+ cell counts as
well as PHA- and PWM-induced proliferation were decreased
between the IG and healthy controls.

For acute exercise intervention effects, a decrease in basophil
counts as well as in neutrophil activity ratio time 5, 10, and 15
minutes was detected 2-h post exercise compared to pre-exercise
within the IG compared to healthy controls.

Secondary Outcomes
In children undergoing a HSCT no significant differences in
transplantation outcomes such as duration of myelosuppression,
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neutropenic phase or duration of hospitalization were found
between IG and CG (28). In Morales et al., 2020b (30) a trend
towards between-group differences in the duration of
hospitalization was noted (p = .052) with less days for IG.
Same result was reported for children during neoadjuvant or
intense chemotherapy treatment period in IG according to
Morales et al., 2020a (p = .031) (15). Morales et al., 2020b (30)
showed a lower number of infections after allo-HSCT in the
exercise group (p = .023 and p = .083 for total and viral
infections). Senn-Malashonak et al. (31) and Morales et al.,
2020b (30) reported no differences in transplantation outcomes
such as complications or GvHD for children undergoing HSCT.
The effects on physical and/or functional performance as well as
body composition have been reviewed in other studies in depth
(13, 14, 35). Hence, this study focused on effects directly related
to the immune system.
DISCUSSION

This systemic review included eight studies evaluating the changes
in immune cell parameters after acute and chronic exercise in
pediatric cancer patients, survivors, and HSCT recipients. In
summary, no negative effects of exercise on the immune system,
but positive effects on immune cell functionality, especially
cytotoxicity, were noted, whereas immune cell counts, and
inflammatory serum cytokine levels showed no significant
intervention effect. Notably, some studies reported an exercise
induced effect on slightly decreased infection rates and significant
decreased days of in-hospitalization resulting in decreased
treatment costs.

After acute aerobic exercise, patients with acute lymphoblastic
leukemia showed a significant higher oxidative burst in neutrophils
compared to healthy controls. This is of particular interest, as
neutrophils belong to the innate immune system and are
therefore responsible for the first line of defense. Neutrophils are
able tomigrate into tissues in order to eliminate invadingpathogens
by reactive oxygen species production, cytokine secretion, and
phagocytosis (36). Thus, abnormal low frequencies of
neutrophils, called neutropenia, can increase the chance of life-
threatening infections and is a common side effect during cancer
therapy (37–39). This finding by Ladha et al. (34) is in line with
published data from adult cancer patients, where an increase in
neutrophil function was observed after acute exercise (40). Studies
in adult cancer patients and experimental mouse models further
suggest that regular exercise intervention sustains enhanced
neutrophil function and migratory capacity (40, 41).
Furthermore, exercise can reduce chemotherapy related
neutropenia in cancer patients (40) which might decrease the risk
of infections in cancer patients. This is in line to a lower number of
total and viral infections that could be observed (15).

Regular exercise interventions, comprising of combined
aerobic and strength training, in pediatric patients post-HSCT
led to significant higher mean ratio of CD56dim NK cells and in
patients receiving allo-HSCT also increased T cell, B cell, and NK
cell counts. This is in line with current literature, as NK cells are
one of the first immune cell subsets to reconstitute after HSCT
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(42, 43). Besides cytotoxic CD8+ T cells, CD56dim NK cells are
the only other immune cell subset having cytotoxic potential.
Indeed, NKCC was significantly higher (8-fold) within the IG
compared to the CG suggesting that exercise increases the
functionality of NK cells in pediatric cancer patients, which is
comparable with literature in healthy adults (44–46) and adults
with cancer (47). This is of major importance post-HSCT, as the
reconstituted NK cells have been described to promote a graft-
versus-leukemia effect, where the donor derived NK cells prevent
a potential relapse (48). High NK cell counts (above a median of
120 per µl blood) at day 32 post-HSCT have been described to
predict a higher cumulative event-free survival rate, reduced
transplant-related mortality and reduced cumulative relapse
incidence (49). Hence, regular exercise in pediatric patients
may increase NK cell functionality providing a natural defense
against life threatening infections. Of note, within the study by
Shore and Shepard (33) which focused on aerobic exercises IG
showed a similar cytolytic activity compared to healthy children
after exercise, although their initial levels of cytolytic activity
were lower. Thus, this exercise induced effect of enhanced
cytotoxicity is not only seen in patients receiving HSCT, but
also in pediatric cancer patients without HSCT. It has to be
mentioned that the type of exercise and exercise intensity also
seems to influence NKCC (47). No study conducted in pediatric
cancer patients so far focused on NK cell phenotyping and
function after acute exercise.

Unfortunately, there is still too little data in pediatric cancer
patients to definewhat exercise type and intensity ismost beneficial
for this population. Especially asmost studies useda combinationof
aerobic and strength exercise programs. Of note, in healthy adults a
recent systematic reviewhighlights that aerobic/endurance training
has a greater influence onNKcell cytotoxicity compared to strength
training (45). Nevertheless, exercise programs during cancer
therapy seem to be a useful and safe tool for children to keep their
level of physical or functional performance or to improve muscle
strength, physical fitness, body composition and functionality (12,
13, 35, 50). In this regard, guidelines regarding physical activity of
pediatric cancer patients have recently been published (51) or are
currently under development (52).

In summary, this systematic review suggests that no adverse
effects on immunological parameters occurred during or after
exercise intervention with pediatric cancer patients. Most studies
reported an enhanced functional immune cell capacity after
exercise indicating that exercise induces a boost to the immune
system within pediatric cancer patients. This is in line with the
reported reduced risks of infections and reduced days of in-
hospitalization in the IG, which in turn decreases treatment costs.
Interestingly, within an up to 5-year follow up, the IG was able to
regain a comparable leukocyte count compared to baseline one year
earlier compared to the CG, suggesting that exercise induced effects
might have long lasting effects. Overall, both acute and chronic
exercise interventions seemtoenhance immunecell functionality in
pediatric cancer patients, however data is limited to one immune
cell subset in acute exercise intervention.

Some limitations of this review should be acknowledged. All
studies included very limited or very heterogeneous populations.
Frontiers in Immunology | www.frontiersin.org 1317
Furthermore, varying exercise interventions, differently composed
control groups, and a broad variety of immune parameters made
accurate comparison of the studies difficult. Therefore, meta-
analyses were not possible and descriptive analyses were used
instead. We addressed this issue by including a direction ratio.
Finally, assessment of quality was only possible for three RCTs,
which have a middle and low-quality rating. This is mainly due to
lack of participant blinding, missing intention-to-treat analysis and
inadequate follow up. However, most of these difficulties are
common in exercise intervention studies. Despite these
limitations, the strengths of this review are the systematic and
thorough search of several databases and the independent quality
assessment by two reviewers. This review provides initial
information for the planning and implementation of exercise
interventions from an immunological point of view in pediatric
oncology, as the included studies indicate that exercise is beneficial
for the patients. It further highlights the need of further studies to
evaluate and understand themechanistic effects of different exercise
modalities on the immune system in pediatric cancer patients and
survivors, especially in the context of allo- and auto-HSCT.
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M, Lucıá A, et al. Influence of a Moderate-Intensity Exercise Program on Early
NK Cell Immune Recovery in Pediatric Patients After Reduced-Intensity
Hematopoietic Stem Cell Transplantation. Integr Cancer Ther (2017) 16
(4):464–72. doi: 10.1177/1534735416679515
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41. Martıń-Ruiz A, Fiuza-Luces C, Rincón-Castanedo C, Fernández-Moreno D,
Gálvez BG, Martı ́nez-Martı ́nez E, et al. Benefits of Exercise and
Immunotherapy in a Murine Model of Human Non-Small-Cell Lung
Carcinoma. Exercise Immunol Rev (2020) 26:100–15.

42. Bosch M, Khan FM, Storek J. Immune Reconstitution After Hematopoietic
Cell Transplantation. Curr Opin Hematol (2012) 19(4):324–35. doi: 10.1097/
MOH.0b013e328353bc7d

43. Dulphy N, Haas P, Busson M, Belhadj S, Peffault de Latour R, Robin M, et al. An
Unusual CD56bright/CD16low NK Cell Subset Dominates the Early Posttransplant
Period Following HLA-Matched Hematopoietic Stem Cell Transplantation.
J Immunol (2008) 181(3):2227–37. doi: 10.4049/jimmunol.181.3.2227
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Background: G protein subunit gamma 12 (GNG12) is observed in some types of
cancer, but its role in osteosarcoma is unknown. This study hypothesized that GNG12
may be a potential biomarker and therapeutic target. We aimed to identify an association
between GNG12 and osteosarcoma based on the Gene Expression Omnibus and the
Therapeutically Applicable Research to Generate Effective Treatments (TARGET)
databases.

Methods: Osteosarcoma samples in GSE42352 and TARGET database were selected
as the test cohorts. As the external validation cohort, 78 osteosarcoma specimens from
The Second Affiliated Hospital of Nanchang University were collected. Patients with
osteosarcoma were divided into high and low GNG12 mRNA-expression groups;
differentially expressed genes were identified as GNG12-related genes. The biological
function of GNG12 was annotated using Gene Ontology, Kyoto Encyclopedia of Genes
and Genomes, gene set enrichment analysis, and immune infiltration analysis. Gene
expression correlation analysis and competing endogenous RNA regulatory network
construction were used to determine potential biological regulatory relationships of
GNG12. Overall survival, Kaplan–Meier analysis, and log-rank tests were calculated to
determine GNG12 reliability in predicting survival prognosis.

Results: GNG12 expression decreased in osteosarcoma samples. GNG12 was a highly
effective biomarker for osteosarcoma [area under the receiver operating characteristic
(ROC) curve (AUC) = 0.920], and the results of our Kaplan–Meier analysis indicated that
overall survival and progression-free survival differed significantly between low and high
GNG-expression group (p < 0.05). Functional analyses indicated that GNG12 may
promote osteosarcoma through regulating the endoplasmic reticulum. Expression
correlation analysis and competing endogenous RNA network construction showed
that HOTTIP/miR-27a-3p may regulate GNG12 expression. Furthermore, the subunit
org October 2021 | Volume 12 | Article 758845120

https://www.frontiersin.org/articles/10.3389/fimmu.2021.758845/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.758845/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.758845/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.758845/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:228206846@qq.com
https://doi.org/10.3389/fimmu.2021.758845
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.758845
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.758845&domain=pdf&date_stamp=2021-10-06


Yuan et al. Low GNG12 Expression in Osteosarcoma

Frontiers in Immunology | www.frontiersin.
suppresses adaptive immunity via inhibiting M1 and M2 macrophage infiltration. GNG12
was inhibited in metastatic osteosarcoma compared with non-metastatic osteosarcoma,
and its expression predicted survival of patients (1, 3, and 5-year AUCs were 0.961,
0.826, and 0.808, respectively).

Conclusion: This study identified GNG12 as a potential biomarker for osteosarcoma
prognosis, highlighting its potential as an immunotherapy target.
Keywords: osteosarcoma, GNG12, biomarker, therapeutic target, prognosis
1 INTRODUCTION

Osteosarcoma is among the most common primary solid
malignant bone tumors in adolescents and young adults.
Usually originating in the metaphyses of long bones, the
cancer is characterized by heterogeneous presentation, high
mortality, and an annual incidence of 8–11 million among 15–
19-year-olds (1). After comprehensive treatment with methods
such as radiotherapy and chemotherapy, the 5-year survival rate
is 65%–70% (2, 3), but these improvements have been mainly
limited to patients with non-metastatic disease. Moreover, the
progress of research aiming to raise osteosarcoma survival has
stalled over the past 30 years (4). Therefore, it is critical to
determine reliable predictors related to osteosarcoma metastasis
and prognosis and to make available novel targets for therapy
and prognosis prediction. However, due to the complex
molecular mechanisms of osteosarcoma, the predictive
capability of traditional clinical information is limited. Thus, it
is crucial to find novel prognostic biomarkers to predict survival
and metastases more accurately in osteosarcoma. Although
biomarkers such as FAT10 and MYC have been associated
with osteosarcoma in recent studies, their reliability requires
further investigation (5, 6).

G protein subunit gamma 12 (GNG12) is a protein-coding
gene located on chromosome 1, first reported in 1995 (7). In the
GeneCards database (www.genecards.org), related pathways
include “Translation Translation regulation by Alpha-1
adrenergic receptors” and “Sweet Taste Signaling”. Gene
Ontology (GO) annotations related to this gene include
obsolete signal transducer activity and phosphate ion binding.
Previous research (8) suggested that GNG12 knockdown in BV-
2 cells increased nitric oxide levels and tumor necrosis factor
alpha (TNF-a) expression in response to lipopolysaccharide
(LPS) stimulation, indicating that GNG12 was an essential
negative regulator of inflammation. Transforming growth
factor beta (TGF-b)-induced chondrogenic differentiation of
mesenchymal stem cells is promoted when C-type natriuretic
peptide/natriuretic peptide receptor-B reduces GNG12
expression (9). The first association of GNG12 with cancer
was a study showing that low GNG12 expression increases the
proliferation of endometrial cancer (10). Subsequently,
HOXA13 upregulation was found to be a promoter of lung
squamous cancer progression through reducing GNG12
expression (11). Although these studies suggest an important
role for GNG12 in cancer progression, we currently know little
org 221
about the underlying mechanisms and function of this protein
in osteosarcoma progression and immunology.

This study thus aimed to determine the role of GNG12 in
patients with osteosarcoma. We obtained two test cohort from
the Gene Expression Omnibus (GEO) database and the
Therapeutically Applicable Research to Generate Effective
Treatments (TARGET) database. To clarify biological function,
we compared expression matrices of high and low GNG12-
expression groups to identify potential GNG12-related genes.
These genes were screened using functional enrichment analyses,
gene set enrichment analysis (GSEA) regulation networks,
immune infiltration analysis, and pan-cancer analysis. We also
collected osteosarcoma samples to evaluate GNG12 predictive
ability on survival and prognosis, using immunohistochemistry,
histochemistry score (H-Score) analysis, and receiver operating
characteristic (ROC) analysis.

Our results demonstrated that low GNG12 expression is a
potential biomarker of osteosarcoma, linked to poor prognosis.
GSEA revealed that GNG12 expression was associated with
“extracellular matrix organization”, “core matrisome”,
“cytoplasmic ribosomal proteins”, “cell adhesion molecules
cams”, “class A 1 rhodopsin-like receptors”, “GPCR ligand
binding”, and “diseases of metabolism”, and “Matrisome”.
Immune infiltration analysis demonstrated that GNG12
regulated the proportions of macrophages (M0, M1, and M2)
and mast cells to influence the tumor microenvironment. Finally,
we confirmed the feasibility of GNG12 as a biomarker in our
collected osteosarcoma samples.
2 MATERIALS AND METHODS

2.1 Patients and Identification of
Differentially Expressed Genes
The GEO (http://www.ncbi.nlm.nih.gov/geo) database is a free
public gene-expression data repository containing microarray
and high-throughput sequencing data. Gene-expression datasets
from GSE42352 (12, 13), including 103 osteosarcoma cases and
15 normal controls, were collected from GEO as the test cohort.
Using the median value of GNG12 expression as the cutoff, the
103 patients were divided into high (n = 52) and low (n = 51)
GNG12 mRNA expression groups. Significant differentially
expressed genes (DEGs) between high and low GNG12-
expression groups were screened with the limma package
(http://www.bioconductor.org/packages/release/bioc/html/
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http://www.genecards.org
http://www.ncbi.nlm.nih.gov/geo
http://www.bioconductor.org/packages/release/bioc/html/limma.html
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Yuan et al. Low GNG12 Expression in Osteosarcoma
limma.html) in R version 3.6.3 (http://www.R-project.org/) (14).
Genes were considered differentially expressed with an adjusted
p < 0.5 and |log fold change| (|logFC|) ≥ 1. Heat maps were
constructed using R package “pheatmap”, version 1.0.12 (https://
cran.rproject.org/web/packages/pheatmap/index.html), and
volcano plots were generated with “ggplot2” version 3.3.3
(https://cran.r-project.org/web/packages/ggplot2/index.html).
In addition, gene expression profiles and clinical data of
osteosarcoma cases were collected from TARGET (https://ocg.
cancer.gov/programs/target). The TARGET cohort (n = 101)
were divided into high/low groups using the same cutoff as the
GEO cohort (high, 51 cases; low, 50 cases). The same method as
described above was used to determine DEGs between TARGET
high/low groups. Common DEGs between the GSE42352 and
TARGET datasets were represented with a Venn diagram made
in ggplot2.

The Second Affiliated Hospital of Nanchang University
provided 78 osteosarcoma specimens from January 2012 to
December 2016 as an external validation cohort. Samples were
provided as formalin fixed paraffin-embedded blocks.

This research was approved by the Ethics Committee of The
Second Affiliated Hospital of Nanchang University [Review
(2020) No. (086)]. All participants provided informed consent.

2.2 Functional Enrichment Analysis
Functional enrichment analyses (Gene Ontology, GO; https://
www.geneontology.org and Kyoto Encyclopedia of Genes and
Genomes, KEGG; https://www.genome.jp/kegg/) were
performed on DEGs between high and low GNG12-expression
groups in the test cohort, using clusterProfiler version 3.14.3
(http://www.bioconductor.org/packages/release/bioc/html/
clusterProfiler.html). The results were visualized with the
“ggplot2” package (https://cran.r-project.org/web/packages/
ggplot2/index.html). Xiantao Academic online (https://www.
xiantao.love) was used to generate a diagram of the functional
enrichment network analysis.

Significant differences in function and pathways between
high/low GNG12-expression groups were determined using
GSEA in clusterProfiler and Xiantao Academic online. For
each analysis, gene set permutations were performed 1,000
times to obtain a normalized enrichment score (NES).
Enrichment was considered significant with adjusted p < 0.05,
false discovery rate (FDR) q < 0.25, and |NES| > 1. The selected
reference gene set was c2.cp.v7.2.symbols.gmt (Curated), and
results were visualized in ggplot2.

2.3 Protein–Protein Interaction Network
Construction and Hub-Gene Extraction
A protein–protein interaction (PPI) network of DEGs was
constructed using Metascape online tools (https://metascape.
org) with the following parameters: min network size = 3 and
max network size = 500. Crucial proteins in this PPI network
were screened using the Molecular Complex Detection
(MCODE, http://apps.cytoscape.org/apps/mcode), a plug-in of
Cytoscape version 3.7.2 (https://cytoscape.org/).
Frontiers in Immunology | www.frontiersin.org 322
2.4 Immune Infiltration Analysis
CIBERSORT (https://cibersort.stanford.edu/) is an algorithm
developed to characterize the cellular composition of complex
tissues through gene expression profiles compared with a
signature matrix (LM22). LM22 comprises 547 genes that
define 22 immunization cell subtypes. This analysis was used
to calculate infiltration abundance of 22 immune cells (T cells, B
cells, plasma cells, natural killer cells, myeloid subgroups) in 103
osteosarcoma samples across high and low GNG12-expression
groups. We also analyzed any correlations between the two
GNG12 groups in terms of expression distribution among the
22 infiltrating immune cells; the correlation heat map was then
plotted. Red represents a positive correlation, and blue represents
a negative correlation, with darker colors and values closer to 1
indicating stronger correlations.

2.5 GNG12 Expression Analysis
The UCSC XENA platform (https://xenabrowser.net/datapages/)
is a pan-cancer HTSeq-TPM database of TCGA and GTEx,
processed uniformly by Toil. Based on XENA data, differential
GNG12 mRNA expression between tumor and normal tissues
was determined in R and visualized with ggplot2. Spearman’s
correlations were calculated between GNG12 expression in the
TARGET cohort with the expression of nine DEGs (GREM1,
CAV1, PTGDS, PRB2, PRB1, NDUFB9, AMBN, FAT3, and
IBSP) common across GSE42352 and TARGET datasets.
Again, the analysis was performed in R and the results
visualized in ggplot2.

2.5.1 Construction of Competing Endogenous
RNA Network
A differential long noncoding RNA (lncRNA) expression matrix
was obtained from TARGET using the limma package. The
miRcode database (http://www.mircode.org/) was used to
predict a series of highly conserved microRNAs (miRNAs)
linked to differentially expressed lncRNA. The miRNA target
genes were predicted using miRDB (http://mirdb.org/),
miRTarBase (http://miRTarBase.cuhk.edu.cn/), and TargetScan
(http://www.targetscan.org/mamm_31/) databases. Predicted
mRNAs were associated with the six GNG12-related genes
(GREM1, CAV1, NDUFB9, AMBN, FAT3, and IBSP) to
establish a competing endogenous RNA (ceRNA) network.

2.6 Survival Analysis
Kaplan–Meier (KM) analyses of the TARGET database were
performed using R packages survival (https://www.
rdocumentation.org/packages/survival/versions/2.42-3) and
survminer (https://cran.rstudio.com/web/packages/survminer/
index.html), to determine whether GNG12 expression
accurately predicted overall survival time (OS) and
progression-free survival (PFS). The timeROC package (https://
cran.r-project.org/web/packages/timeROC/index.html) was used
to analyze 1-, 3-, and 5-year survival prognosis of GNG12-related
lncRNAs, miRNAs, and genes. All outcomes were visualized
in ggplot2.
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2.7 Assessing Diagnostic Performance
An ROC curve was generated using the pROC package (https://
cran.r-project.org/web/packages/pROC/). The ordinate was
drawn with the true positive rate (sensitivity), and the abscissa
was the false positive rate (1 − specificity). This analysis
determined whether GNG12 expression can distinguish
between 15 standard samples and 103 osteosarcoma samples.
Also determined was the cutoff value that produces the highest
likelihood ratio for assessing the recognition threshold of
GNG12 as a biomarker for distinguishing osteosarcoma from
normal tissue.

2.8 Immunohistochemical Staining
and Evaluation
To further verify the suitability of GNG12 expression for
predicting survival, immunohistochemistry was performed on
paraffin sections following the standard protocol (GNG12,
Ab204757, 1:100). All slides were observed and photographed
under a XSP-C204 microscope (CIC). GNG12 expression was
assessed using the H-score.

2.9 Validation of GNG12 as a Prognostic
Predictor of Osteosarcoma
Known survival outcomes of osteosarcoma patients with high
and low H-scores were subjected to KM analysis using the R
package “survival” and visualized in “surviminer”. The accuracy
of GNG12 expression in predicting survival prognosis (1, 3, and
5 years) was verified with timeROC and visualized in ggplot2. An
AUC >0.5 directly reflects the prognostic value of the biomarker.
Additionally, an AUC closer to 1 and to the (0, 1) point indicates
greater authenticity of the prognostic prediction.

2.10 Statistical Analysis
Statistics were performed in Microsoft Excel and R version 3.6.3.
The log-rank test was used to perform the KM survival analysis.
Continuous variables that violated the normality assumption
according to the Shapiro–Wilk normality test were analyzed with
the Wilcoxon rank sum test. Categorical variables were analyzed
with chi-square tests. Significance was set at p < 0.05 (ns, p > 0.05;
*p < 0.05; **p < 0.01; ***p < 0.001).
3 RESULTS

3.1 Identification of DEGs
GNG12 expression was significantly different between the
standard samples (n = 15) and osteosarcoma samples (n =
103) (Figure 1A). After screening for DEGs between high and
low GNG12-expression groups (Figure 1B), we found 210
coexpressed genes (165 upregulated and 45 downregulated,
Supplementary Table 1) that we have visualized in a volcano
plot (Figure 1D) and a heat map (Figure 1E). Using the same
method to divide the TARGET cohort (n = 101) into high/low
GNG12-expression groups (Figure 1C), we obtained 347 DEGs
(178 upregulated and 169 downregulated, Supplementary
Table 2 and Figures 1F, G). We then screened out nine
Frontiers in Immunology | www.frontiersin.org 423
common DEGs (six upregulated and three downregulated)
across the two DEG sets (Figures 1H, I).

3.2 Functional Enrichment Analysis
and GSEA
The GO and KEGG enrichment results for the GEO cohort
(Figures 2A, B) indicated that the following terms were
enriched: “protein targeting to endoplasmic reticulum (ER)”,
“establishment of protein localization to ER”, “focal adhesion”,
and “cell adhesion molecule binding” (Figure 2C). For the
TARGET cohort, enriched terms were “ossification”, “cartilage
development”, “integrin binding”, “PI3K-Akt signaling
pathway”, and “Focal adhesion” (Figure 3).

We selected msigdb.v7.0.entrez.gmt as the reference gene set
for our GSEA. For the GEO cohort, DEGs were involved in
“extracellular matrix organization” from the Reactome database,
“core matrisome” from NABA, “cytoplasmic ribosomal proteins”
from WP, and “cell adhesion molecules cams” from KEGG
(Figure 4A). For the TARGET cohort, DEGs were involved in
“class A 1 rhodopsin like receptors”, “GPCR ligand binding”, and
“diseases of metabolism” from the Reactome database, and
“Matrisome” from NABA (Figure 4B).

3.3 Construction of PPI Networks and
Hub-Gene Screening
Based on the Metascape online tool, we constructed two PPI
networks of DEGs from the GEO and TARGET cohorts
(Figures 5A, C). We then screened hub-gene clusters using the
MCODE clustering algorithm. In the GEO cohort, screened hub
genes were linked in the following networks: MCODE_1
(cytoplasmic translation, cytosolic ribosome, and ribosome;
EIF3A, RPL23, RPL14, RPL7, RPL27A, RPS28, RPLP1, RPS3A,
RPL10A, and RPN2), MCODE_2 (NLS-bearing protein import
into the nucleus, protein import into the nucleus, and import
into the nucleus; KPNA2, RGPD6, RGPD3, RGPD8, SUMO2,
ACTR3, WIPF1, ARPC5, and GMFG), and MCODE_3 (ER,
growth factor activity, and extracellular matrix structural
constituent; VCAN, CCN1, AMBN, CDH2, VGF, and IL6;
Figure 5B). Hub genes of the TARGET cohort were involved in
more networks. These were MCODE_1 (extracellular matrix
structural constituent conferring tensile strength, collagen
trimer, and protein digestion and absorption; COL8A2,
COL9A1, COL11A1, COL11A2, COL15A1, COL22A1,
COL24A1, P4HA3, COL14A1, COL27A1, COL2A1, COL3A1,
COL6A1, and COL6A2), MCODE_2 (in utero embryonic
development, peptidyl-tyrosine phosphorylation, and peptidyl-
tyrosine modification; FGFR4, ISLR, FGF2, IGF2, TGFB3, CAV1,
TP53, ACTA2, ALDH1A1, PYGM, GPI, GFPT2, and H2AW),
MCODE_3 (G-protein beta-subunit binding, neuropeptide
hormone activity, and heterotrimeric G-protein complex;
GNG12, GAL, CORT, NPB, GNG4, GNGT2, HCRT, HRH1,
PTGFR, ADRA1D, and TBXA2R), MCODE_4 (ER lumen,
biomineral tissue development, and biomineralization; MELTF,
PENK, MEPE, SPP2, MOTUM, DMP1, FBN1, AMBN, AMELX,
and GPC3), MCODE_5 (anchored component of membrane;
NTM, ALPL, NTNG1, CD109, and LY6K), MCODE_6 (lamellar
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body, mutivesicular body and respiratory gaseous exchange by
respiratory system; SFTPB, SFTPC, SFTPA1, and SFTPA2), and
MCODE_7 (Wnt signaling pathway; CCND2, TCF7L2, and
FOSL1; Figure 5D).
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3.4 Correlation Between GNG12
Expression and Immune Infiltration
For further immune infiltration analysis, we used CIBERSORT
package and LM22 algorithm to calculate the infiltration
A B

D E

F G

H I

C

FIGURE 1 | GNG12 and coexpressed gene difference analysis. (A) Compared with normal tissues, GNG12 is significantly lower expressed in tumor tissues.
(B) In GSE42352 cohort, the expression level of GNG12 in low/high GNG12-expression groups. (C) In TARGET cohort, the expression level of GNG12 in low/
high GNG12 expression groups. (D) The median expression of GNG12 in 103 osteosarcoma samples in the GSE42352 data set was divided into high and low
expression groups, and the significantly different genes between the two groups were displayed in the form of a volcano graph. (E) A heat map showing the
significantly different genes between the two groups of the GSE42352 data set. (F) GNG12 was used in the median expression values of 101 osteosarcoma
samples in the TARGET data set divided into high and low expression groups, showing the significant difference genes between the two groups in the form of
volcano maps. (G) The TARGET data set shows the significant difference genes between the two groups in the form of a heat map. (H) Venn diagram of the
intersection of upregulated DEGs in the GEO and TARGET cohort. (I) Venn diagram of the intersection of downregulated DEGs in the GEO and TARGET cohort.
***p < 0.001.
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abundance of 22 kinds of immune cells between high/low
expression level of GNG12 groups in test and validation
cohort, including different B cells, T cells, natural killer cells,
plasma cells, and different myeloid subsets. The results were
visualized as two violin maps (Figures 6A, B) and two
correlation heat maps (Figures 6C, D) to reveal the differences
in the expression of immune cells between groups.

3.5 Expression Analysis of GNG12-Related
Genes
Evaluation of differential GNG12 expression in pan-cancer
revealed that GNG12 was downregulated in 12 tumor types (i.e.,
ACC, BLCA, BRCA, CESC, KIRC, LAML, OV, PCPG, PRAD,
TGCT, UCEC, and UCS) and upregulated in 11 (CHOL, COAD,
Frontiers in Immunology | www.frontiersin.org 625
DLBC, ESCA, GBM, LGG, LIHC, PAAD, READ, STAD, and
THYM; Figure 7A). When we used a gene-expression heat map to
examine the nine common DEGs across GEO and TARGET
cohorts, we found that GREM1 and CAV1 expression were
positively correlated with GNG12 expression in the TARGET
cohort. Additionally, NDUFB9, AMBN, FAT3, and IBSP
expression were negatively correlated (Figure 7B). We then
generated six scatterplots of correlations between the expression
of these six genes and of GNG12 (Figures 7C–H).

3.6 Competitive Endogenous RNA
Network
Using limma, we obtained 22 differentially expressed lncRNAs
(DELs) from the TARGET database and visualized them on a
A B

C

FIGURE 2 | GO and KEGG enrichment analysis in GEO cohort. (A) The bubble graph of clusterProfiler package for GO and KEGG enrichment analysis;
the bubble size represents the number of gene enrichment, and color represents significance in GSE42352 data set. (B) The bar graph of clusterProfiler
package for GO and KEGG enrichment analysis; length represents significance in GSE42352 data set. (C) A function enrichment network in GSE42352
data set.
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heat map (Figure 8A). We then used the miRcode website to
predict miRNAs that were highly conserved with DELs.
Furthermore, we identified mRNAs targeted by the miRNAs
through a series of databases and then constructed a ceRNA
network with DEGs (Figure 8B).

3.7 Survival Analysis of GNG12 in
TARGET Cohort
The results of our KM analysis indicated that OS and PFS
differed significantly between low and high GNG-expression
groups (Figures 8C, F). In addition, the ceRNA network
revealed that low HOTTIP and GNG12 expression led to high
risk. Elevated hsa-miR-27a-3p expression also resulted in high
risk (Figures 8D, E). Through time-dependent ROC curves, we
Frontiers in Immunology | www.frontiersin.org 726
found that GNG12 was a reliable predictor of patient
prognosis (Figure 8G).

We used an ROC curve to analyze whether GNG12
expression could distinguish between 15 normal samples and
103 tumor samples from the GEO dataset. We found an AUC of
0.920, indicating that GNG12 expression was an excellent
biomarker for distinguishing osteosarcoma from normal
tissue. (Figure 8H).

3.8 Validating Prognostic Value of GNG12
Expression in Osteosarcoma
We used 78 patients with osteosarcoma as a validation cohort to
confirm the prognostic reliability of GNG12 (Table 1 and
Supplementary Table S3). GNG12 expression levels (high vs.
A B

C

FIGURE 3 | GO and KEGG enrichment analysis in TARGET cohort. (A) The bubble graph of clusterProfiler package for GO and KEGG enrichment
analysis; the bubble size represents the number of gene enrichment, and color represents significance in TARGET data set. (B) The bar graph of
clusterProfiler package for GO and KEGG enrichment analysis; length represents significance in TARGET data set. (C) A function enrichment network in
TARGET data set.
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low) of these patients were confirmed using immuno-
histochemistry (IHC) (Figures 9A, B). The results of KM
analysis showed that patients with low GNG12 expression tend
to have poor survival prognosis (Figure 9C). Analysis of time-
dependent ROC curves revealed that 1-/3-/5-year AUCs were
0.961, 0.826, and 0.808 (Figure 9F). In addition, GNG12
expression was lower in metastatic than in non-metastatic
osteosarcoma (Figure 9D); patients with metastatic
osteosarcoma have a poor survival prognosis (Figure 9E).
4 DISCUSSION

The transducer and transmembrane-signal regulator GNG12
plays an important role in cancer progression through
enhancing cell proliferation (15, 16). It is indispensable for
guanosine triphosphatase (GTPase) activity, which functions in
GTP-to-GDP catalysis (17). GTPase is associated with
proliferation, invasion, and migration of tumors in multiple
cancers, including osteosarcoma (18, 19). Despite this
link, few studies have explored the role of GNG12 in
osteosarcoma. Therefore, in this study, we hypothesized that
GNG12 expression may influence osteosarcoma progression.
Furthermore, GNG12 may have prognostic and therapeutic
value for this cancer.

Analysis of data from GEO indicated that GNG12 expression
was significantly downregulated in osteosarcoma tissues
compared with normal samples. This reduced expression was
positively correlated with poor prognosis in the TARGET cohort.
Our functional analyses corroborated previous studies, showing
that GNG12 was involved in ossification (20–22), protein
targeting to ER (23, 24), extracellular-related terms (25, 26),
focal adhesion (25, 27), PI3K-Akt signaling pathway (28, 29),
GPCR ligand binding (30), and the matrisome. Through PPI
networks, we identified the ER lumen as the location of hub gene
Frontiers in Immunology | www.frontiersin.org 827
clusters present in both GEO and TARGET cohorts. Regulating
ER function plays a major role in the treatment of osteosarcoma
(23, 31). Specifically, H2S-releasing doxorubicins caused
misfolding of ER-related proteins to enhance ER-dependent
apoptosis, which is effective against doxorubicin-resistant
osteosarcoma in vitro (23). Additionally, lexibulin induces
autophagy and apoptosis of osteosarcoma in vitro through
triggering mutually enhanced reactive oxygen species and ER
stress, suggesting that it could be an effective drug for
osteosarcoma therapy (31). Taken together, our research and
previous studies provided insight on GNG12’s role in cancer
pathogenesis and demonstrated that the protein is a potential
biomarker of osteosarcoma.

Integrated landscapes depicting the osteosarcoma
microenvironment may help explain how the cancer responds to
immunotherapy and help the development of new treatment
strategies (32, 33). Our immune infiltration analysis of the GEO
cohort showed that the high and low GNG12-expression groups
differed significantly in macrophages (M0, M1, and M2), activated
CD4+ memory T cells, mast cells, activated dendritic cells, and
eosinophils. The same analysis on theTARGETcohort revealed that
the three macrophage subtypes and mast cells were significantly
different.Combining the two results indicated thatmacrophages and
mast cells play a crucial role in the immune microenvironment of
osteosarcoma. Moreover, osteosarcoma occurrence and
development are probably related to inflammation and metabolic
pathways.Thus, novel osteosarcoma therapy couldpotentially target
macrophages andmast cells to improve their distribution in patients
(34, 35). Findings from amouse tail metastasis model indicated that
M2macrophages enhancedmetastasis of osteosarcoma cells (K7M2
WT), thus identifyingM2-polarized tumor-associatedmacrophages
(TAMs) as a therapeutic target. The same study also found that all-
trans retinoic acid (ATRA) inhibited M2 polarization of TAMs via
downregulatingMMP12 expression, thereby limiting osteosarcoma
(36). Our study thus examined the correlation between GNG12
A B

FIGURE 4 | GSEA enrichment analysis. (A) GSEA enrichment analysis in GEO cohort. (B) GSEA enrichment analysis in TARGET cohort.
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expression and MMP12. We found that MMP12 expression
is negatively correlated with GNG12 expression, and high
MMP12 expression can also predict poor osteosarcoma PFS
(Supplementary Figure S1A, B). Therefore, GNG12 may inhibit
M2 polarization of TAMs, which negatively regulates MMP12
expression and thus suppresses osteosarcoma metastasis.

Most studies have shown that ceRNA plays an important role
in osteosarcoma occurrence and development (37, 38). We
constructed a ceRNA network based on TARGET data and
found that lncRNA HOTTIP (a low risk factor) can function
as a ceRNA, decoying miR-27a-3p (a high risk factor) to promote
GNG12-mediated metastasis. Targeting HOTTIP may therefore
prove to be beneficial for osteosarcoma treatment (39). Liu et al.
reported that miR-27a-3p were upregulated in osteosarcoma to
promote the proliferation and invasion of osteosarcoma cells via
Frontiers in Immunology | www.frontiersin.org 928
inhibiting expression of TET1 (40). Although these results
suggest that HOTTIP may regulate GNG12 through ceRNA
and is involved in osteosarcoma progress, further experimental
studies are needed to confirm these conclusions. Nevertheless,
HOTTIP, miR-27a-3p, and GNG12 are all potential therapeutic
targets for osteosarcoma.

This study has several limitations. First, the sample size of our
healthy controls was much smaller than the sample size of
patients with osteosarcoma. Future studies would benefit from
balancing the number of participants in each group. Second, our
outcomes were validated in a set of 78 patients with
osteosarcoma, using an H-score to evaluate GNG12 expression
in osteosarcoma tissue. Although the results confirmed that
patients with low GNG12 expression had poor prognosis, this
was a retrospective analysis. Thus, future research should employ
A B

DC

FIGURE 5 | PPI and hub gene clusters network construction. (A) A PPI network from GSE42352 data set. (B) Three hub gene clusters obtained by the MCODE
clustering algorithm from GSE42352 data set. (C) A PPI network from TARGET data set. (D) Seven hub gene clusters obtained by the MCODE clustering algorithm
from TARGET data set.
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a prospective methodology to avoid analysis bias. Finally, we did
not verify our findings using in vitro or in vivo experiments,
meaning that the exact mechanisms of GNG12 involvement in
osteosarcoma remain unclear. This is an important topic for
further investigation. Therefore, we highlight several areas in
which further work is needed to deepen our understanding. First,
as the response of GNG12, it would be interesting to examine the
basic expression of these predicted DEGs and hub genes with
Frontiers in Immunology | www.frontiersin.org 1029
Western blot, quantitative PCR (qPCR), IHC, immuno-
fluorescence (IF) assays, and so on. Second, to clarify the
function of GNG12, DEGs, and hub genes in osteosarcoma, a
clean loss-of-function and gain-on-function study with tissue-
and cell-type specificities remains warranted.

In conclusion, GNG12 mRNA and protein expression were
downregulated in osteosarcoma, a change that was related to
poor prognosis. We found that GNG12 may promote
A

B

DC

FIGURE 6 | Immune cell infiltration difference and correlation analysis. (A) Using the CIBERSORT package, the LM22 algorithm was used to calculate the difference
in expression of 22 immune cells in the GNG12 high and low expression groups in the 103 osteosarcoma samples in the GEO set. Blue represents the low
expression group, and red represents the high expression group. (B) Violin diagram of the difference in expression of 22 immune cells infiltration between the high
and low expression groups of GNG12 in 101 osteosarcoma samples in the TARGET set. Blue represents the low expression group; red represents the high
expression group. (C) Correlation heat map of 22 immune cells in the GEO set. (D) Correlation heat map of 22 immune cells in the TARGET set. The p-value
represents the significance of the difference; p < 0.05 is considered a significant difference.
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FIGURE 7 | Expression analysis of GNG12-related genes. (A) Differential expression of GNG12 in pan-cancer. (B) A gene expression-related heat map of the nine common
DEGs between GEO and TARGET sets. (C–H) Scatter plots of the expression correlation between GREM1, CAV1, NDUFB9, AMBN, FAT3, and IBSP and GNG12.
Significance was set at p < 0.05 (ns, p < 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 8 | GNG12-related ceRNA network construction and survival analysis. (A) The TARGET data set shows the significant difference lncRNAs between the two
groups in the form of a heat map. (B) A ceRNA network: blue diamond, lncRNAs; green triangle, miRNAs; red round, mRNAs. (C) The effect of low GNG12 expression
on the prognosis of osteosarcoma overall survival (OS) is statistically significant. (D) The effect of high miR-27a-3p expression on the prognosis of osteosarcoma overall
survival (OS) is statistically significant. (E) The effect of low HOTTIP expression on the prognosis of osteosarcoma overall survival (OS) is statistically significant. (F) The
effect of low GNG12 expression on the prognosis of osteosarcoma progress-free survival (PFS) is statistically significant. (G) Time-dependent ROC curves, 1 year (AUC
= 0.692), 3 years (AUC = 0.658), and 5 years (AUC = 0.603). (H) The area under the ROC curve (AUC) in the GEO set assesses the performance for distinguishing
osteosarcoma from normal tissue of GNG12 (AUC = 0.92).
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osteosarcoma through regulating ER function. HOTTIP/miR-
27a-3p are candidates for regulating GNG12 expression to
inhibit macrophage infiltration and suppress adaptive
immunity. We provided important evidence supporting
GNG12 as a biomarker for osteosarcoma prognosis and
highlighting its potential as a target for immunotherapy.
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DATA AVAILABILITY STATEMENT

The datasets analyzed for this study can be found in the
TARGET repository (https://target-data.nci.nih.gov/Public/OS/
mRNA-seq/) and Gene Expression Omnibus (GEO, https://ftp.
ncbi.nlm.nih.gov/geo/series/GSE42nnn/GSE42352/matrix/).
TABLE 1 | Baseline clinical characteristics of validation cohort.

Characteristic Low GNG12 High GNG12 p-value

N 39 39
Gender, n (%) 0.425
Female 12 (15.6%) 16 (20.8%)
Male 27 (35.1%) 22 (28.6%)
M/NM, n (%) 0.036
Metastasis 20 (25.6%) 10 (12.8%)
Non-Metastasis 19 (24.4%) 29 (37.2%)
Recurrence/non-recurrence, n (%) 0.001
Non-recurrence 16 (20.5%) 31 (39.7%)
Recurrence 23 (29.5%) 8 (10.3%)
Survival status, n (%) <0.001
Alive 15 (19.2%) 33 (42.3%)
Dead 24 (30.8%) 6 (7.7%)
Age, median (IQR) 25 (14.5, 32.5) 23 (17.5, 38.5) 0.545
Survival time, median (IQR) 767 (312.5, 2303) 2336 (1,639, 2,557) <0.001
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FIGURE 9 | Validation the GNG12 expression and prognostic value of GNG12. (A, B) Low/high H-score of GNG12 ICH images. (C) The effect of low GNG12
expression on the prognosis of osteosarcoma overall survival (OS) is statistically significant in the validation cohort. (D) In the validation cohort, the H-score level of
GNG12 between metastasis and non-metastasis groups. (E) The effect of metastasis on the prognosis of osteosarcoma overall survival (OS) is statistically significant
in the validation cohort. (F) Time-dependent ROC curves: 1 year (AUC = 0.961), 3 years (AUC = 0.826), and 5 years (AUC = 0.808). ***p < 0.001.
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In addition, the validation cohort presented in this study
can be found in online repositories. The names of the
repository/repositories and accession number(s) can be found
in the article/Supplementary Material.
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T cells engineered with chimeric antigen receptor (CAR-T cells) are an effective treatment in
patients with relapsed/refractory B-cell precursor acute lymphoblastic leukemia or B-cell
non-Hodgkin lymphoma. Despite the reported exciting clinical results, the CAR-T cell
approach needs efforts to improve the safety profile, limiting the occurrence of adverse
events in patients given this treatment. Besides the most common side effects, such as
cytokine release syndrome and CAR-T cell–related encephalopathy syndrome, another
potential issue involves the inadvertent transduction of leukemia B cells with the CAR
construct during the manufacturing process, thus leading to the possibility of a peculiar
mechanism of antigen masking and treatment resistance. In this study, we investigated
whether the inclusion of the inducible caspase 9 (iC9) suicide gene in the CAR construct
design could be an effective safety switch to control malignant CAR+ B cells, ultimately
counteracting this serious adverse event. iC9 is a suicide gene able to be activated through
binding with an otherwise inert small biomolecule, known as AP1903. The exposure of
iC9.CAR.CD19-DAUDI lymphoma and iC9.CAR.CD19-NALM-6 leukemia cells in vitro to 20
nMof AP1903 resulted into the prompt elimination of CAR+ B-leukemia/lymphoma cell lines.
The results obtained in the animal model corroborate in vitro data, since iC9.CAR.CD19+

tumor cells were controlled in vivo by the activation of the suicide gene through
administration of AP1903. Altogether, our data indicate that the inclusion of the iC9
suicide gene may result in a safe CAR-T cell product, even when manufacturing starts
from biological materials characterized by heavy leukemia blast contamination.

Keywords: chimeric antigen receptor (CAR T), CD19, suicide gene, immunotherapy, B-cell Acute
Lymphoblastic Leukemia
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INTRODUCTION

Chimeric antigen receptor (CAR)-T cell therapy is one of the
most innovative and revolutionary approaches in the fight
against cancer, with growing evidence supporting its ability to
induce complete remission of highly refractory malignancies in a
significant proportion of patients (1).

It is based on autologous T cells engineered to express a CAR
capable of specifically recognizing its cognate target antigen
expressed on tumor cells through a single-chain variable
fragment (scFv) binding domain, resulting in T-cell activation in
a major histocompatibility complex (MHC)-independent manner.

To date, CAR-T cells targeting the CD19 antigen represent
the first gene therapy approved for treatment of relapsed/
refractory (r/r) B-cell acute lymphoblastic leukemia (B-ALL)
and aggressive forms of r/r B-cell non-Hodgkin lymphoma,
with up to 90% complete remission reported (1). In particular,
the first two CAR-T cell products approved by the FDA (Food
and Drug Administration) and EMA (European Medicinal
Agency) regulatory authorities were Tisagenlecleucel
(Kymriah®-Novartis) and Axicabtagene Ciloleucel (Yescarta®-
Kite), but additional products are currently in an advanced stage
of market authorization approval.

Despite the fact that CAR-T cell therapy represents a valid
therapeutic strategy, it may induce severe toxicities, the most
common being cytokine release syndrome (CRS) and CAR-T
cell-related encephalopathy syndrome (CRES). Although rare,
another adverse event was recently reported to potentially occur,
raising the possibility of a peculiar mechanism of treatment
resistance. In particular, the occurrence of an inadvertent
leukemia cell transduction with CAR.CD19 vector during
CAR-T cell manufacturing has been described (2,3). The CAR
molecule expressed in cis on the surface of the leukemic cells
masks the CD19 antigen, promoting the consequent expansion
of a CD19−CAR+ leukemic clone (3). This phenomenon has been
reported in a preclinical retroviral model (3), as well as in two
patients treated with lentiviral-based CAR.CD19 T cells who
relapsed with a CAR+ leukemia (2).

In this study, we investigated whether the inclusion of a
suicide gene in the CAR construct could be an effective safety
switch to control the event of inadvertent malignant B-cell
transduction with the CAR construct, ultimately counteracting
this serious adverse event.

Several safety switches have been developed, either by
inclusion of transgenic enzymes selectively activated by a
cytotoxic pro-drug (herpes simplex virus-thymidine kinase:
HSV-TK; inducible caspase 9, iC9) or by expression of surface
molecules (CD20, EGFR) that can be targeted using clinically
approved monoclonal antibodies (4).

The iC9 suicide gene contains the intracellular portion of the
human caspase 9 protein, fused to a drug-binding domain derived
from the human FK506-binding protein. Intravenous
administration of an otherwise inert small biomolecule AP1903
(Rimiducid) is able to induce dimerization of iC9, which activates
the downstream apoptosome (5). In a pivotal study (6) conducted in
patients given T-cell-depleted hematopoietic stem cell
transplantation (HSCT) followed by post-transplant infusion of a
Frontiers in Immunology | www.frontiersin.org 236
titrated number of donor T cells transduced with iC9, it was shown
that AP1903 administration can trigger chemically induced
dimerization and eliminate genetically modified T cells from both
peripheral blood and the central nervous system (CNS), leading to
rapid resolution of graft-versus-host disease (GvHD) and CRS. iC9
has been used in CAR-T cell immunotherapy in several preclinical
models (7), demonstrating the ability of eliminating CAR-T cells
both in vitro and in vivo, although a large clinical application of this
approach has been limited so far. An important aspect of iC9 is
represented by its preferential killing of highly activated cells, which
can be explained in view of their high expression of the transgene.
As retroviral vectors preferentially integrate near transcription start
sites and genes involved in proliferation (8–11), actively dividing
cells typically have higher transgene expression and hence higher
levels of iC9. Preclinical work suggests that transduced T cells that
are not killed by AP1903 administration express an insufficient level
of iC9 to allow functional activation by the dimerizing agent (5).
However, it has been observed that after inducing the activation of T
cells with low transgene expression that residue after the activation
of iC9, it is possible to rapidly restore the AP1903 sensitivity of these
cells (12).
MATERIALS AND METHODS

Cell Cultures
The human Burkitt lymphoma cell line DAUDI (WT and
iC9.CAR.CD19 DAUDI) and B-ALL cell line NALM-6
(WT and iC9.CAR.CD19) were maintained in RPMI 1640
(EuroClone, Italy) supplemented with 10% heat-inactivated
fetal bovine serum (EuroClone), 2 mM of l-glutamine (GIBCO,
USA), 25 IU/ml of penicillin, and 25 mg/ml of streptomycin
(EuroClone), in a humidified atmosphere containing 5% CO2 at
37°C. All cell lines were authenticated by PCR single-locus-
technology (Promega, USA, PowerPlex 21 PCR) analysis in
“BMR Genomics s.r.l.” (Italy), and were periodically checked
for mycoplasma (Venor®GeM Advance, MB Minerva Biolabs,
UK) and surface markers expression.

Generation and Expansion of
Effector Cells
Buffy coats (BC) from healthy donors (HDs), peripheral blood
(PB), and bone marrow (BM) obtained from children with B-ALL
were used to isolate unfractionated mononuclear cells using
Lympholyte Cell Separation Media (Cedarlane, Canada). T cells
were activated with OKT3 (1 mg/ml, ThermoFisher Scientific,
USA) and anti-CD28 (1 mg/ml, BD Biosciences, USA)
monoclonal antibodies (mAb) with a combination of
recombinant human (rh) interleukin-7 (rh-IL7, 10 ng/ml; Bio-
Techne; USA) and rh-IL15 (5 ng/ml; Bio-Techne; USA). NK cells
were generated from BC of HDs following a previously described
method (13). After 3/4 days, T and NK cells were transduced with
a g-retroviral supernatant, in 24-well plates precoated with
rhRetroNectin (Takara-Bio; Japan). T and NK lymphocytes were
expanded in the presence of cytokines, in TexMacs complete
medium (Miltenyi, Germany) or NK MACS medium (Miltenyi,
Germany) and replenished twice a week.
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CAR Construct
T and NK cells from HD, as well as the B-cell leukemia/
lymphoma cell lines DAUDI and NALM-6, were genetically
modified using the retroviral construct iC9.CAR.CD19 (1e9

retrovirus-copies/0.5×106 cells. Multiplicity of infection were
quantified by Retro-X™ qRT-PCR Titration Kit from Takara,
USA). The bicistronic CAR construct carries antihuman CD19-
scFv from FMC63, CD8 stalk domain, CD8 transmembrane
domain, 4.1bb, and CD3z cytoplasmic domains cloned in-
frame with the iC9 suicide gene (3).

Phenotypic Analysis
Flow-cytometry (FACS) analysis was performed to determine
cell surface antigen expression; monoclonal antibodies for CD19
and CD34 (all from Becton Dickinson, NJ, USA) combined with
different fluorochromes were selected according to need. FACS
analysis was performed using a BD LSRFortessa X-20 cytometer
(BD Biosciences, USA) and analyzed by FACSDiva software (BD
Biosciences, USA). FACS sorting of CAR-transduced tumor cell
lines was performed on FACSAria (BD Biosciences, USA).

Activation of the Suicide Gene
To induce the activation of iC9 in vitro, cells were treated once with
20 nM of AP1903 (TOCRIS, Bio-Techne, USA), considering that
this dose is in the low range of the observed Cmax for the drug (14).
The percentage of residual CAR+ cells after exposure to AP1903 was
evaluated by FACS at the indicated time points. For the in vivo
experiments, NOD-scid IL2Rgammanull mice (NSG, The Jackson
Laboratory, USA) were infused with 0.25×106 iC9.CAR.CD19-
DAUDI cells genetically modified with a retroviral construct to
express FF-Luciferase. After tumor engraftment, documented
through the IVIS imaging system, AP1903 was administered
intraperitoneally from day 1 to day 28 (100 µg/day/mouse). The
control cohort was infused with sterile PBS as vehicle solution.
Tumors were monitored by weekly IVIS imaging analysis.

Quantitative Real-Time PCR
The average of vector copy number (VCN) per cell was
determined by real-time PCR, using a TaqMan probe designed
on the retroviral construct using the Primer Express® software
(Applied Biosystems).

In Vivo CAR+ Leukemia Mouse Model
Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) female mice were provided
by Charles River and maintained in the Plaisant animal facility
(Castel Romano, Rome, Italy). All procedures were performed in
accordance with the Guidelines for Animal Care and Use of the
National Institutes of Health (Ethical committee for animal
experimentation Prot. N 088/2016-PR). At day −3, mice were
infused intravenously with 0.25×106 iC9.CAR.CD19-DAUDI cells
genetically modified to express firefly luciferase (FF-Luc). At day 0,
mice were evaluated for leukemia engraftment by the IVIS
imaging system and treated with AP1903, 100 µg/day/mouse,
from day 0 to day +28. Tumor growth was monitored weekly by
the IVIS Imaging System, after intraperitoneal D-Luciferin
(PerkinElmer, D-Luciferin potassium salt, USA) administration.
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Statistical Analysis
Unless otherwise noted, data are shown as mean ± standard
deviation (SD). Student t-test (two-sided) was used to determine
statistically significant differences between samples, with p-value
<0.05 indicating a statistically significant difference.

Mice survival was analyzed using Kaplan-Meier survival
curves, and the Log-rank (Mantel-Cox) test was used to
measure statistically significant differences. No valuable samples
were excluded from the analyses. Animals were excluded only in
the event of death after tumor infusion, before treatment. Neither
randomization nor blinding was applied. However, mice were
matched in control and treatment groups based on the tumor
signal. To compare the growth of tumors over time,
bioluminescence signal intensity was collected in a blind fashion.
Bioluminescence signal intensity was log-transformed and, then,
compared using a two-sample t-test. We estimated the sample size
considering no significant variation within each group of data and
using a size as small as possible to obtain a significant result. The
sample size was defined in order to detect a difference in averages
of two standard deviations at the 0.05 level of significance, with an
80% power. Graphic representations and statistical analysis were
performed using GraphPad Prism 6 (GraphPad Software, La Jolla,
CA, USA).
RESULTS

Suicide Gene iC9 Activation Controls
Expansion of CAR+ Leukemic Cells
We developed a g-retroviral vector encoding for iC9.CAR.CD19.
The bicistronic construct was cloned in-frame with the iC9 suicide
gene. As proof of concept, we genetically modified CD19+ B-
leukemia/lymphoma cell lines with the bicistronic vector encoding
for iC9.CAR.CD19, in order to reproduce a CAR+ CD19-masked
leukemic clonotype (Figure 1A). In vitro, we demonstrated the
prompt elimination of CAR+ B-leukemia/lymphoma cell lines after
exposure of iC9.CAR.CD19-DAUDI and iC9.CAR.CD19-NALM-6
cells to 20 nM of AP1903. In particular, activation of the suicide
gene iC9 led to a significant, early (6 h) reduction in the percentage
of CAR+ tumor cells (Figures 1B, C for DAUDI cells and
Figures 2A, B for NALM-6 cells). Prolonged, 6-day culture of
AP1903-treated iC9.CAR.CD19 DAUDI cells was not associated
with re-expansion of iC9.CAR+ lymphoma cells (Figure 1C).
Similar results were also confirmed in the NALM-6 model: upon
treatment with AP1903, no leukemia cell with high MFI of CAR
expression could be detected by flow cytometry (Figure 2B). In
particular, the CAR MFI on AP1903-treated cells (day 15) was 142
± 22 (gray line, Figure 3A), a value not significantly different from
un-transduced DAUDI cells (125.8 ± 20.6; dotted line), but
significantly lower as compared to that of transduced cells not
exposed to the dimerizing agent (7,933 ± 72, black line; p= 6E-09).
Notably, AP1903 was able to eliminate not only CAR+ cells with a
high CAR MFI, but also cells showing a low CAR expression
(Figure 3B shows CAR expression before and after AP1903
treatment, respectively).
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Moreover, we observed that residual leukemia cells after AP1903
exposure showed completely re-established levels of CD19 antigen
expression (dotted line; Figures 1C and 2B). Although qPCR
analysis revealed the presence of the CAR transgene in residual
blasts after AP1903 incubation, the proportion of positive cells was
significantly lower as compared to that of untreated cells
(Figure 1D, transgene positivity being observed in 22.8% of
DAUDI cells, and 0.6% of NALM-6 cells).

AP1903-Treated CAR+ B Cells Are
Recognized and Eliminated by CAR.CD19
Effector Cells
Since CD19 expression was completely re-established in
iC9.CAR+ B cells after AP1903 exposure, we evaluated whether
they could be re-targeted by CAR.CD19 T cells. As shown in
Figure 1E (DAUDI) and in Figure 2C (NALM-6),
iC9.CAR.CD19 T cells were able to eliminate iC9.CAR+ tumor
B cells re-expanded after AP1903 exposure. Moreover, since
generating the autologous CAR-T cell product from patients
with CAR+ B-cell relapse does not represent a feasible strategy in
the clinical setting, we have also proved that off-the-shelf, third-
party, HD-derived iC9.CAR.CD19 NK cells (13) are able to
significantly control iC9.CAR.CD19+ B cells rescued after
AP1903 treatment (Figure 1F for the DAUDI model, and
Figure 2D for the NALM-6 model).
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In Vivo Suicide Gene Strategy to
Control CAR+ Leukemia
Weproved in vivo the ability of the suicide gene iC9 to eliminateCAR
+ leukemia expansion using AP1903. NSG mice were infused with
iC9.CAR.CD19 DAUDI cells at day −3 (Figure 4A); after tumor
engraftment, the dimerizing drug AP1903 was intraperitoneally
administrated from day 0 to day 28 (Figure 4A). iC9 activation
resulted in complete eradication of CAR+ leukemia in 9 out of 10
studied mice (Figures 4B, C). Moreover, AP1903 administration
resulted in survival of all mice without leukemia but one, even after
stopping drug administration,with 9 out of 10mice showing absence
of leukemia cell progression until day 63 (endpoint of the
experiment; Figure 4D).
DISCUSSION

In this study, we provide evidence that the inclusion of the iC9 safety
switch in a CAR vector represents a powerful and effective rescue
strategy in case of inadvertent CAR.CD19+ blast generation. In
comparison to other suicide genes, the iC9 safety switch is non-
immunogenic and is characterized by a rapid mechanism of action
once activated by the binding with AP1903 (15). Our data confirm
previously published in vitro (16) and in vivo studies (17) showing
that AP1903 is highly efficient in eliminating the great majority of
A B

D E F

C

FIGURE 1 | iC9 activation in iC9.CAR.CD19 lymphoma cells leads to prompt elimination of the CAR+ fraction and redetection of CD19 antigen. (A) Schematic
representation of iC9 dimerization in iC9.CAR.CD19 lymphoma cells leading to iC9.CAR.CD19 B cells apoptosis and to redetection of CD19 antigen by
iC9.CAR.CD19 T cells (created with BioRender.com). (B, C) iC9.CAR.CD19 DAUDI cells were treated with 0 nM (B) and 20 nM (C) of AP1903; both CAR and CD19
expressions were monitored over time by flow cytometry. (D) Detection of iC9.CAR.CD19 vector in tumor cells by qRT-PCR after AP1903 exposure. Reactions were
performed in triplicate. Black histograms represent the positive control of reference (0 nM of AP1903), and gray histograms represent results after drug exposure (20
nM of AP1903). (E) A 7-day co-culture assay was carried out using un-transduced T cells or iC9.CAR.CD19 T cells and WT DAUDI cells, iC9.CAR.CD19 DAUDI cells
never exposed to AP1903, and iC9.CAR.CD19 DAUDI residual after AP1903 exposure and further re-expanded (at effector/target ratio of 1:1). (F) A 7-day co-culture
assay was carried out using un-transduced NK cells or iC9.CAR.CD19 NK cells and WT DAUDI cells, iC9.CAR.CD19 DAUDI cells never exposed to AP1903, and
iC9.CAR.CD19 DAUDI residual after AP1903 exposure and further re-expanded (at effector/target ratio of 1:1) *p-value ≤ 0.05, **p-value ≤ 0.01, ***p-value ≤ 0.001.
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cells highly expressing iC9,while sparingcellswitha lower level of iC9
expression. Indeed, in the context of genetically modified T cells,
patients who received an infusion of haploidentical, donor-derived
iC9-T cells after HSCT and were subsequently treated with
Rimiducid to control GvHD, showed 1% of residual iC9-T cells a
fewhours afterAP1903 administration. The residual iC9-T cellswere
characterized by a remarkably dim expression of the transgene,
possibly related to a low level of T-cell activation. Elimination of
iC9-T cells could be enhanced by T-cell activation during repeated
AP1903 administrations (17). By contrast, when iC9 is expressed in
tumor cells, AP1903 is able to induce massive and rapid apoptosis,
Frontiers in Immunology | www.frontiersin.org 539
leading to a significant eliminationof tumor cells (16).WithourCAR
system, in case of an unlucky inadvertent transduction of leukemia
blasts with iC9.CAR.CD19, we demonstrated that CAR+ B cells can
be efficiently eliminated by exposure to AP1903 and that the
expression level of the CAR in rescued leukemic cells after
treatment is negligible. Leukemia cells that could not be eliminated
by AP1903 and lacking a high expression of CAR on their surface
express a standard level of CD19 antigen on their surface, this results
in the possibility of efficiently targeting B-cell leukemia/lymphoma
elements through CAR.CD19 T cells and CAR.CD19 allogenic
NK cells.
A B

FIGURE 3 | iC9 activation controls CAR+ B-cells with dim expression of transgene. (A) iC9.CAR.CD19 DAUDI cell line were treated with 0 nM (black line) and 20
nM of AP1903 (gray line); CAR MFI was monitored over time by flow cytometry analysis from day 0 to day 15 after treatment and compared to the control WT
DAUDI cell line. (B) CAR expression detected by flow cytometry in the DAUDI WT cell line (negative control; top panel), iC9.CAR.CD19 DAUDI cell line (no treatment,
middle panel), or iC9.CAR.CD19 DAUDI cell line treated with 20 nM of AP1903 (day +15; bottom panel) ****p-value ≤ 0.00001.
A B

DC

FIGURE 2 | Long-term in vitro assays to evaluate the activity of iC9 controlling CAR.CD19-positive leukemia cell lines. (A, B) iC9.CAR.CD19 NALM-6 cells were
treated with 0 nM (A) and 20 nM (B) of AP1903; both CAR and CD19 expressions were monitored over time by flow cytometry. (C) A 7-day co-culture assay was
carried out between un-transduced T cells or iC9.CAR.CD19 T cells and WT NALM-6 cells, iC9.CAR.CD19 NALM-6 cells never exposed to AP1903, and
iC9.CAR.CD19 NALM-6 residual after AP1903 exposure and further re-expanded (at effector/target ratio of 1:1). (D) A 7-day co-culture assay was carried out using
un-transduced NK cells or iC9.CAR.CD19 NK cells and WT NALM-6 cells, iC9.CAR.CD19 NALM-6 cells never exposed to AP1903, and iC9.CAR.CD19 NALM-6
residual after AP1903 exposure and further re-expanded (at effector/target ratio of 1:1) *p-value ≤ 0.05, ***p-value ≤ 0.001.
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The results we obtained in our animal model corroborated
in vitro data, since iC9.CAR.CD19+ DAUDI cells could be
controlled in vivo by the activation of the suicide gene
through administration of AP1903. In particular, NSG mice
infused with iC9.CAR.CD19 DAUDI cells were treated with
intraperitoneal administration of AP1903 from day 0 to day 28.
iC9 activation resulted in complete eradication of CAR+ B cells
in the great majority of the mice (90%), without leukemia
relapse after withdrawal of the drug for a prolonged period
of time.

Altogether, our data support the hypothesis that for patient-
derived CAR-T cell products, the inclusion of the iC9 suicide
gene in the construct represents an important safety strategy,
able to control and eliminate leukemia cells in case of inadvertent
blast-cell transduction during CAR-T cell manufacturing, and
meets the medical need of increasing the safety profile of CAR-T
cell gene therapy. Moreover, the iC9 suicide gene could
contribute to successfully treat other CAR-T cell therapy
associated toxicities, such as CRS and CRES, if not adequately
controlled by conventional pharmacological treatment. In this
respect, we are now conducting a clinical trial in which we treat
patients with B-ALL using CAR-T cells transduced with a
retroviral construct including iC9 (NCT03373071).
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Osteosarcoma, Ewing sarcoma (EWS), and rhabdomyosarcoma (RMS) are the most
common pediatric sarcomas. Conventional therapy for these sarcomas comprises
neoadjuvant and adjuvant chemotherapy, surgical resection of the primary tumor and/
or radiation therapy. Patients with metastatic, relapsed, or refractory tumors have a dismal
prognosis due to resistance to these conventional therapies. Therefore, innovative
therapeutic interventions, such as immunotherapy, are urgently needed. Recently,
cancer research has focused attention on natural killer (NK) cells due their innate ability
to recognize and kill tumor cells. Osteosarcoma, EWS and RMS, are known to be
sensitive to NK cell cytotoxicity in vitro. In the clinical setting however, NK cell cytotoxicity
against sarcoma cells has been mainly studied in the context of allogeneic stem cell
transplantation, where a rapid immune reconstitution of NK cells plays a key role in the
control of the disease, known as graft-versus-tumor effect. In this review, we discuss the
evidence for the current and future strategies to enhance the NK cell-versus-pediatric
sarcoma effect, with a clinical focus. The different approaches encompass enhancing
antibody-dependent NK cell cytotoxicity, counteracting the NK cell mechanisms of self-
tolerance, and developing adoptive NK cell therapy including chimeric antigen receptor-
expressing NK cells.

Keywords: osteosarcoma, Ewing sarcoma, rhabdomyosarcoma, natural killer, immunotherapy
INTRODUCTION

Osteosarcoma, Ewing sarcoma (EWS), and rhabdomyosarcoma (RMS) are the most common
sarcomas in children. Patients with metastatic, relapsed, or refractory pediatric sarcoma have a
dismal prognosis with less than 30% maintaining long-term survival (1). Further, no significant
improvement in patient outcome has been made over the last 3 decades with currently available
therapies (surgery, radiation, and chemotherapy) (2–4). Hence, there is an urgent need for
innovative therapeutic interventions, such as immunotherapy.

Immunotherapy is not a new concept for sarcoma. The earliest described sarcoma
immunotherapy was in 1891, when William B. Coley observed tumor regression after locally
injecting Streptococcus bacteria into patient’s sarcoma to generate an immune response (5). Now
scientific and clinical evidence strongly supports the critical role for both early and late immune
responses to control cancer growth. As an example, there is mounting evidence that hematopoietic
stem cell transplantation (HSCT) has an allograft-versus-tumor effect in the treatment of leukemia
org November 2021 | Volume 12 | Article 791206142
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and in a subgroup of solid tumors including sarcomas (6). Rapid
immune reconstitution post HSCT is critical for the anti-tumor
effect, particularly due to the recovery of natural killer (NK) cells
(7). Nevertheless, studies investigating the function of NK cells in
sarcoma in the clinical field are limited and further work aiming
to “unleash” the full potential of NK cells to improve their anti-
sarcoma activity are needed. This review highlights the current
knowledge in the field and future perspectives of applying NK
cell-based immunotherapies to treat pediatric sarcomas. Possible
strategies to increase NK cells efficiency discussed here are the
use of monoclonal antibodies (mAb) targeting tumor antigens or
of pharmacological agents to enhance antibody-dependent cell-
mediated cytotoxicity (ADCC), the use of cytokines to enhance
NK cell-mediated anti-tumor activity, strategies to counteract
self-tolerance, and the development of adoptive therapy using
NK cells, including chimeric antigen receptor (CAR)-expressing
NK cells (Figure 1).
NK CELL ACTIVITY IN PEDIATRIC
SARCOMA

NK cells are cytotoxic innate immune cells that can eliminate
infected or transformed cells without prior sensitization. NK cells
express inhibitory surface receptors, such as killer-cell
immunoglobulin receptors (KIR), which recognizes specific
Frontiers in Immunology | www.frontiersin.org 243
human leucocyte antigen (HLA) class I molecules HLA-A, B
and C, and CD94/NK group 2 member A (NKG2A), which
recognizes HLA-E (8). NK cells are educated to lyse target cells
lacking expression of major histocompatibility complex (MHC)
class I molecules expressed by the host cells (9). Their activating
surface receptors include natural cytotoxic receptors (NCRs) and
NK group 2 member D (NKG2D), which recognize stress
proteins on the surface of target cells such as MICA/B and
ULBPs, and a Fcg receptor CD16, that mediate ADCC through
recognition of the Fc portion of antibodies on opsonized cells
(10). Coreceptors of NCRs and NKG2D, such as DNAM-1, are
capable of amplifying the NK cell activation (11). The balance
between activating and inhibitory signals received by the NK
cells determines their cytotoxic activity. This activity is mediated
by the release of cytotoxic granules containing granzymes and
perforin, expression of death receptor ligands on their surface,
and the production of cytokines (e.g., tumor necrosis factor-a
and interferon g) promoting an anti-tumor immune
response (12).

In pre-clinical studies, osteosarcoma, EWS, and RMS cells are
sensitive to killing by NK cells. NK cells from healthy donors
expanded for 7 days with K562-mb15-41BBL feeder cells showed a
median cytotoxicity of 87.2%, 79.1% and 46.1% at a 1:1 effector:
target ratio with EWS, RMS and osteosarcoma cells respectively.
EWS cells were particularly sensitive with maintained cytotoxicity
at considerably lower ratios (13). Cytotoxicity was not related to
levels of expression of NK receptor ligands but was markedly
A

B

D

E

C

FIGURE 1 | Enhancing NK cells-versus-pediatric sarcoma effect. (A) Expanded and activated NK-cells in vitro or (B) engineered NK cells expressing combined
antigen-receptors (CAR) specific to the sarcoma cells can be infused to the patients. (C) Infused cytokines can stimulate the NK cell cytotoxic activity. (D) Specific
anti-tumor antibodies activate NK cells via their CD16 activating receptor and drive the antibody-dependent cell cytotoxicity (ADCC). Small molecules, such as EZH2
inhibitors and prochlorperazine, can increase antigen presentation to facilitate ADCC. (E) Self-tolerance can be counteracted if the NK cells are KIR-mismatched to
the tumor, if the NK inhibitory receptors are targeted with specific inhibitory antibodies (anti-KIR, NKG2A or TIM-3) or if the NK activating receptors ligands, such as
MIC-A/B, are overexpressed due to genotoxic stress such as radiation therapy.
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inhibited by preincubation of NK cells with antibodies anti-
NKG2D and anti-DNAM-1, when used in combination (13).
Similarly, NKG2D receptor blockade, but not that of DNAM-1,
significantly decreased NK cells cytotoxicity in vitro against
osteosarcoma cells (14). KIRs were also shown to play an
important role: KIR receptor-ligand mismatched NK cells
showed higher cytotoxicity in vitro against osteosarcoma cells,
and this was enhanced further when osteosarcoma cells HLA class
I molecules were blocked (14). Furthermore, in a mouse xenograft
model of EWS, weekly intravenous administration of expanded
NK cells decreased significantly the number of lung metastases
(15). In an orthotopic xenograft mouse model of osteosarcoma,
intra-tumoral injection of in vitro activated and expanded NK cells
and intraperitoneal IL-2 for 5 days limited bone damage and
tumor growth, prevented lung metastases, and significantly
prolonged mice survival (14). Ex vivo expanded NK cells with
IL-15 and IL-21 injected after radiation therapy to mice with
subcutaneous RMS slowed the tumor growth significantly (16). In
another xenograft model of RMS, adoptive therapy of NK cells
completely prevented the intraperitoneal implantation of RH30
tumor cells (17).

In the clinical setting, however, the specific NK-versus-
sarcoma effect has only been studied in small case series. In
one study, two patients with stage 4 EWS were in complete
remission after haploidentical transplantation. Early post-
transplant, their rapidly recovering NK cells demonstrated high
cytotoxic activity against EWS cell lines in vitro, suggesting a
potential role in systemic tumor control (18). In another study,
one patient with relapsed metastatic RMS and one with EWS
responded to a haploidentical transplantation after 3 lines of
chemotherapy. The patient with RMS had a full donor NK
genotype at 18 months post-transplantation and his NK cells
exhibited high lysis of K562 cells, a classical target of NK cells due
to their lack of HLA class I and II expression (19). These reports
suggest that if the NK cells effector functions are maximized,
clearance of high-risk sarcoma can be achieved.
THERAPEUTIC ENHANCEMENT OF
NK CELL FUNCTIONS VIA ADCC

NK cells are the ideal candidate for adoptive therapy combined
with mAbs targeting specific tumor antigens due to their unique
mechanism of target cell lysis through ADCC mediated by their
CD16 (FcgRIIIa) receptors (20). Multiple preclinical studies have
shown the benefit of NK cells and mAbs in pediatric sarcomas
(21–23). Several mAbs have been tested as single agent in phase I
or II clinical trials, mainly in patients with osteosarcoma, including
trastuzumab to target human epidermal growth factor receptor 2
(HER2) (24), cexutimab to target the epidermal growth factor
receptor (EGFR) (25), glembatumumab-vedotin to target the
glycoprotein non-metastatic B (GPNMB) (26), and dinutuxumab
to target disialoganglioside GD2 (27). Cixutumumab, ganitumab,
robatumumab, and figitumumab, targeting the insulin-like growth
factor-1 receptor (IGF1R), have been tested in advanced RMS,
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EWS, and osteosarcoma (28, 29). Bevacizumab has been used to
target vascular endothelial growth factor (VEGF) in RMS (30).
Unfortunately, none of these clinical trials have shown a significant
clinical benefit. Of note, most included patients with the tumor
type of interest without restriction. Inclusion criteria based on the
presence of predictive biomarkers identifying patients who would
likely respond to these mAb are needed to determine the utility of
these agents. The clinical response to mAb is also affected by a
single nucleotide polymorphism in the FCGR3A (CD16) gene that
affects binding affinity for IgG (increased affinity with valine at
FCGR3A-158) (20).

Strategies to improve mAbs interactions with CD16 have been
developed in other tumor types. Obinutuzumab, a humanized Fc-
defucosylated anti-CD20 mAb, has an increased CD16 binding
affinity, insensitive to CD16-V158F polymorphism (31).
Bispecific or trispecific killer engagers have been generated and
are composed of anti-CD16 Ab connected to the scFv of one or
two of the tumor-antigen antibodies (31).

The ADCC can also be amplified by upregulating the
expression of targeted surface antigens or by limiting their
endocytosis. Kailayangari et al. demonstrated that the use of an
enhancer of zeste homolog 2 (EZH2) inhibitor enhanced the
expression of GD2 on the surface of EWS sarcoma cells, thus
increasing their sensitivity to lysis by GD2 specific CAR-T cells
(32). Prochlorperazine, used as anti-psychotic and anti-emetic
agent in the clinic, reversibly inhibits dynamin-dependent
endocytosis and, by enhancing target availability, improved the
efficiency of NK cell-mediated ADCC by cetuximab,
trastuzumab and avelumab in non-sarcoma solid tumor
models (33).

Even though the mAbs bind to the activating receptor CD16
on NK cells, a potent activating signal, they have not shown
positive results in pediatric sarcoma (20). Combination with
adoptive NK cell therapy, small molecules or other strategies to
amplify ADCC, as well as a better selection of patients to include
in trials based on their tumor expression profile, could improve
the mAbs efficacy.
MAXIMIZE EFFECTOR FUNCTIONS
WITH CYTOKINES

Cytokines have raised interest as an adjuvant therapy in sarcomas
since the 1980s. Mice treated with interferon (IFN)-a, IL-2, IL-12,
IL-15, or IL-18 showed an increase in NK cell cytotoxicity against
multiple sarcoma cell subtypes, but few have been translated
successfully to the clinic (34). Pegylated IFN-2b in addition to
conventional chemotherapy was tested in osteosarcoma in an
international phase 3 clinical trial (35). Unfortunately, it showed
no benefit as a maintenance therapy. This study had some
limitations: approximately 45% of the patients did not start or
complete the treatment with pegylated IFN-2b due to the
intensity of treatment, patient’s refusal, physician choice or
toxicity (35). Similarly, IL-2 therapy is limited by its severe
side-effects when used systematically (36). When administered
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by aerosol in combination with NK cell infusion in a mouse
model of metastatic pulmonary osteosarcoma, the NK cell
number in the lungs was increased and IL-2 induced metastatic
regression and improved overall survival of the animals (37).
There is an ongoing clinical trial in metastatic osteosarcoma
using aerosol IL-2 (NCT01590069). IL-15 was tested in a phase
I clinical trial as a 10-day continuous infusion in 27 adults with
advanced metastatic solid tumors, including 4 sarcomas (38). The
maximum tolerated dose was reached, and 8 serious adverse
events were reported including 2 deaths. A dramatic increase in
NK cell number was induced: 38-fold in total circulating NK cells
and 358-fold in the highly inflammatory CD56bright NK
cell subset.

These reports demonstrate a clear activity of cytokines in
boosting NK cell function in sarcoma, but the potential for
toxicity make them difficult to apply in the clinic. The use of
NK cells expanded and stimulated with cytokines before their
therapeutic infusion, or the use of genetically modified NK cells
may help overcome these limitations (12).
TIPPING THE BALANCE TOWARD
ACTIVATION

There is a fine balance between activating and inhibitory signals
regulating NK cell cytotoxicity and self-tolerance, and the tumor
microenvironment (TME) of solid tumors is known to be
immunosuppressive (39). A detailed characterization of the
immune TME in sarcomas is lacking and it is currently unclear
which approach should be applied to which type of sarcoma to
target the TME appropriately (40). Proinflammatory cytokines, as
discussed above, is a possible method. Immune checkpoint
inhibitors reversing the exhausted phenotype of T cells are
another strategy (12). However, the role of well-described T cell
immune checkpoints such as PD-1, CTLA-4, TIM-3, and B7-H3
in the control of NK cell tolerance is unclear and they seem to
promote different effects than those described and expected for T
cells (41). Nevertheless, TIM-3 was found to be expressed on NK
cells, and anti-TIM-3 antibody in combination with a superagonist
of IL-15 (ALT-803) enhanced NK cell cytotoxicity against
osteosarcoma cells ex vivo (42). Further, specific antibodies to
block NK cell immune checkpoints have recently been developed
and are currently undergoing trials in solid tumors, such as the
anti-KIR mAb, lirilumab (NCT02813135), and the anti-NKG2A
antibody, monalizumab (NCT02671435).

An alternative approach to break the self-tolerance and
enhance NK cell anti-tumor activity is through their activating
receptors. The ligands of the activating receptor NKG2D are
upregulated following genotoxic stress such as viral infection or
radiation therapy, alerting the immune system to potentially
dangerous transformed or infected cells (12). The combination
of NK cell and radiation therapy has shown promising results.
Dogs with osteosarcoma die of metastatic progression to the
lungs in 80% of the cases, but in a canine clinical trial, local
radiation therapy before intralesional NK cell injection
significantly increased NK cell homing to the tumor and,
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encouragingly, 50% of the dogs were metastasis-free 6 months
after NK transfer (43).

Another method to avoid the inhibition of NK cells is the use
of KIR-HLA mismatched cells. The interaction of KIR receptors
on NK cells with their cognate HLA ligands provides a strong
inhibitory signal preventing NK-mediated lysis of the self-target
cells (8). Therefore, low MHC-I-expressing tumors are an ideal
target for NK cells. MHC I downregulation or absence of
expression has been reported in high-risk EWS and RMS (44).
Osteosarcoma cells with surface expression of HLA molecules are
less susceptible to killing by NK cells compared to cells lacking
this expression (45). Similarly, KIR-HLA mismatching (i.e.,
donor cells expressing KIRs incompatible with recipient HLA
ligands) can lessen the inhibitory signals from the sarcoma cells
received by NK cells and result in enhanced anti-tumor function.
Osteosarcoma cells target killing correlate with their degree of
KIR-HLA incompatibility with the NK cells (45). Clinical data
also demonstrate that KIR-mismatched NK cells exert enhanced
antitumor activity in patients with solid tumors undergoing
allogeneic HSCT and even in patients undergoing autologous
HSCT (46, 47). A Japanese group has successfully developed KIR-
mismatched cord-blood cells transplantation with reduced-
intens i ty condi t ioning as a form of non-targeted
immunotherapy (as the anti-GD2 antibodies are not approved
by the regulatory authorities in Japan) to produce excellent
outcomes in patients with high-risk neuroblastoma (48). KIR-
mismatched stem cell transplantations have not been tested
specifically in patients with pediatric sarcomas, but better
overall responses were observed in patients who had undergone
HLA-haploidentical stem cell transplantation with 1 to 2 KIR-
HLA mismatches, when retrospectively studied (6, 46). Although
not targeting sarcoma, anti-CD19 CAR-NK cells developed
recently for relapsed or refractory anti-CD19-positive cancers
have shown great clinical responses when produced from selected
KIR-HLA mismatched cord-blood units (49).

These examples demonstrate the importance of breaking NK
cell tolerance to enhance NK cell-versus-sarcoma activity, not
only in the context of allogeneic stem cell transplant, but also of
adoptive NK cell therapy.
ADOPTIVE THERAPY

NK cells for adoptive therapy can be derived from multiple
autologous or allogeneic sources including peripheral blood,
umbilical cord blood, CD34+ hematopoietic progenitors, and
human-induced pluripotent stem cells (12).

Multiple trials have tested adoptive NK cell (aNK) transfer
post HSCT in high-risk sarcomas with the intent to amplify the
graft-versus-tumor effect. In 2015, Shah et al. trialed donor-
derived NK cell transfer in 9 children and young adults with
high-risk solid tumors. The NK cells were activated in vitro with
IL-15 and 4-1BBL and transferred following HLA-matched T cell
depleted HSCT. Five patients with relapsed EWS and 1 with
RMS were enrolled, and 3 of these 6 patients survived over 2
years, including 2 in complete remission. Interestingly, 5 of 9
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transplant recipients experienced graft-versus-host disease
following the NK cell infusion (50). Perez-Martinez et al.
stimulated NK cells with IL-15 and infused them 30 days after
haploidentical HSCT in 6 patients with high-risk solid tumors,
including 3 EWS and 1 osteosarcoma, all with progressive disease
(51). Four patients showed a clinical response (3 patients in
partial remission of their tumor and 1 with stable disease). No
toxicity secondary to the NK cell infusion was reported. Thakar
et al. also tested adoptive transfer of donor NK cells post
haploidentical HSCT in 14 patients with relapsed pediatric
sarcomas (9 EWS, 4 RMS and 1 osteosarcoma) with stable
disease, and demonstrated much better than expected survival
in this high-risk population with an overall survival of 64% and
40% at 1 and 2 years respectively (75% and 45% for the EWS
cohort) (52).

Outside of the post-HSCT context, aNK cells are only recently
being tested in sarcoma with only 8 clinical trials ongoing, or
recently completed (Table 1). Most of these trials are testing NK
cell infusions in combination with a cytokine (IL-15 or IL-2) after
chemotherapy conditioning with at least cyclophosphamide. The
NK cells used are expanded from autologous or heterologous
sources including universal donors, cord blood, or parental
donors (haploidentical).

In a preliminary report, Chawla et al. tested activated
autologous NK cells (SNK01) in a dose-escalation phase 1
study in patients with rapidly progressive metastatic solid
tumors (53). Of the 7 patients enrolled so far, 5 had sarcomas
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and had received an average of 5 prior lines of therapy. The best
overall response at 9 weeks was stable disease in 4 patients. No
adverse events were reported and dose limiting toxicity had not
been reached, but dose escalation is ongoing.
CAR-NK CELLS

CAR-NK cells are harder to engineer than CAR-T cells, but they
are better tolerated and can be readily available as an allogeneic
off-the-shelf product (54). CAR-NK cells maintain their ability to
be activated by their innate receptors recognizing transformed
cells, without prior antigen priming needed, while antigen
recognition is redirected toward CAR-specific targets.
Furthermore, CAR-NK cells can respond to levels of tumor-
associated antigens that are too low to trigger ADCC (12).

In a phase I/II clinical trial of cord blood-derived CAR-NK
cells treating patients with relapsed/refractory B-cell leukemia/
lymphoma, the overall response rate was 73% including 64%
with complete response (49). In contrast to large trials of CD19‐
directed CAR T‐cell therapy with a comparable response rate of
up to 80% (55), none of the patients showed evidence of
neurotoxicity or cytokine-release syndrome. CAR‐NK cells
persisted up to 12 months after infusion.

In pediatric sarcoma, CAR-NK cells have shown anti-cancer
activity in vitro. GD2-specific CAR-NK had an increased activity
against EWS cells in an antigen-specific manner, but when
TABLE 1 | Clinical trials testing adoptive NK cell therapy in sarcoma.

Clinicaltrial.gov
identifier

Tumor type included NK cell type Phase Location Methods Status/
Publication

NCT02890758 Relapsed/refractory soft tissue
sarcoma (EWS and RMS included)

Universal donor I USA NK cell infusions (x2)
+/- recombinant IL-15
- Dose escalation with 3 cell doses

Active,
Not recruiting

NCT03420963 Relapsed/refractory solid tumor Cord blood-derived
expanded

I USA NK cell infusion (x1) on D8
- Conditioning with cyclophosphamide and
etoposide (D1 to 5)

Recruiting

NCT03941262 Refractory cancer Ex-vivo expanded
autologous

I USA NK cell infusion weekly for 5 weeks
+/- Avelumab or Pembrolizumab
(anti-PD-L1 and anti-PD-1)
- Dose escalation with 3 cell doses

Recruiting
(53, ASCO
abstract)

NCT04214730 Advanced solid tumor N/A ? China NK cell infusion (x4) + chemotherapy
vs chemotherapy only

Recruiting

NCT01875601 Relapsed/refractory solid tumor Autologous activated I USA NK cell infusion (x1)
- Conditioning with cyclophosphamide
+/- recombinant IL-15
- Dose escalation cell dose and IL-15

Completed
(unpublished)

NCT02849366 Recurrent sarcoma N/A I/II China Cryosurgery
+/- NK cells infusions (x3)

Completed
(unpublished)

NCT03209869 Relapsed/refractory neuroblastoma
and osteosarcoma

Ex-vivo expanded
activated haploidentical

I USA NK cell infusion
+ humanized 14.18-IL2 (anti-GD2
immunocytokine) (D1 to 7)

Suspended (due
to COVID-19)

NCT02409576 EWS, RMS Ex-vivo expanded
activated haploidentical

I/II Singapore NK cell infusion (x1) on D0
- Conditioning with cyclophosphamide,
fludarabine and radiation 2Gy + IL-2

Unknown
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This table outlines completed or ongoing clinical trials of NK cell adoptive therapy including patients with osteosarcoma, Ewing sarcoma or rhabdomyosarcoma. Underlined clinical trials
include children. The aims of these clinical studies are to determine safety (phase I) and/or efficacy (phase II) of the interventional therapies. Most involve a conditioning with chemotherapy
+/- radiation therapy before infusion of the cells (number of cell infusion planned in bracket), and cytokine injections to enhance the cell activity (IL-2 or IL-15). EWS, Ewing sarcoma; RMS,
rhabdomyosarcoma; NK, natural killer; N/A, non available; Gy, Gray; D, Day.
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transferred to mice with GD2-positive EWS xenografts they
lacked efficiency due to inhibitory HLA-G hyper-expression on
the tumor (56). Anti-receptor tyrosine kinase-like orphan
receptor 1 (ROR1) CAR-NK cells also demonstrated
significantly enhanced cytotoxicity in vitro against EWS and
osteosarcoma cell lines compared to mock expanded NK cells
(57). However, to date, there is no clinical trial of CAR-NK in
sarcoma registered on clinicaltrial.gov.

Overall pre-clinical data in sarcoma and clinical trials of
CAR-NK cells in other cancers show how promising CAR-NK
cells could be as an immunotherapeutic approach in
pediatric sarcomas.
CONCLUSION

NK cells have recently emerged as an exciting option to target
sarcomas resistant to conventional anti-cancer therapy. Many
immunotherapies use NK cells as one of the main effectors of
their anti-cancer effect along with T cells, but this effect can be
enhanced, and adoptive NK cell therapy and particularly CAR-
NK cells are emerging from preclinical settings. Ongoing
research appears promising to translate this into patient’s
benefit in the coming years.
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19. Pérez-Martıńez A, Leung W, Muñoz E, Iyengar R, Ramıŕez M, Vicario JL,
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Desmoplastic small round cell tumor (DRSCT) is a highly aggressive primitive sarcoma that
primarily affects adolescent and young adult males. The 5-year survival rate is 15-30% and
few curative treatment options exist. Although there is no standard treatment for DSRCT,
patients are most often treated with a combination of aggressive chemotherapy, radiation,
and surgery. Targeted therapy inhibitors of PDGFA and IGF-1R, which are almost
uniformly overexpressed in DSRCT, have largely failed in clinical trials. As in cancer in
general, interest in immunotherapy to treat DSRCT has increased in recent years. To that
end, several types of immunotherapy are now being tested clinically, including monoclonal
antibodies, radionuclide-conjugated antibodies, chimeric antigen receptor T cells,
checkpoint inhibitors, and bispecific antibodies (BsAbs). These types of therapies may
be particularly useful in DSRCT, which is frequently characterized by widespread
intraperitoneal implants, which are difficult to completely remove surgically and are the
frequent cause of relapse. Successful treatment with immunotherapy or
radioimmunotherapy following debulking surgery could eradiate these micrometasteses
and prevent relapse. Although there has been limited success to date for immunotherapy
in pediatric solid tumors, the significant improvements in survival seen in the treatment of
other pediatric solid tumors, such as metastatic neuroblastoma and its CNS spread,
suggest a potential of immunotherapy and specifically compartmental immunotherapy
in DSRCT.

Keywords: DSRCT = desmoplastic small round cell tumor, antibodies, immunotherapy, targeted therapy,
radioimmunotherapy, CAR T cell
INTRODUCTION

Background
Desmoplastic small round cell tumor (DRSCT) was first described in 1989 by Gerald and Rosai as a
highly aggressive primitive sarcoma characterized by nests of blue-staining tumor cells surrounded
by dense stroma. Of note was the fact that these tumor cells were positive for markers of
mesenchymal, neural, and epithelial lineages, suggesting that they may arise from
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undifferentiated progenitor cells (1, 2). A (11:22), (p13:q12)
chromosomal translocation is present in all cases, resulting in
an EWS-WT1 gene fusion product (3–5). This feature is
considered pathognomonic and is required for its definitive
diagnosis (6). DSRCT is rare, with an age-adjusted incidence
rate of 0.3/million in the United States (7), and primarily arises in
adolescent and young adult males, with around 80% of patients
being male and an average age of 18-22 years at diagnosis (2, 8).
It may disproportionately affect African Americans (7, 9).
Overall 5-year survival is a dismal 15-30% (7, 10).

Clinical Presentation and Staging
Most patients initially present with abdominal pain and distension,
evidence of ascites caused by extensive tumor seeding of the
peritoneum (6). The vast majority (>90%) of primary tumors are
found on the serosal surfaces of the abdomen, but others have been
found in the thoracic cavity, the skull, or even the hand (8). Rarely,
early-stage DSRCT is discovered incidentally during surgery or
imaging for other indications. More commonly, however, the
disease has spread extensively and is considered Stage IV at the
time of diagnosis. Because of this, a new staging system for
DSRCT has been proposed by Hayes-Jordan and colleagues:
Stage I would include patients with one or two abdominal
tumors, Stage II would include patients with extensive peritoneal
spread, Stage III would include patients with peritoneal disease plus
liver metastases, and Stage IV would include patients with disease
that has spread outside the abdomen (6).

Treatment
There is no standard therapy for DSRCT. Treatment typically
consists of multimodal neoadjuvant chemotherapy followed by
surgery and radiation. Treatment with the P6 protocol –
cyclophosphamide, doxorubicin and vincristine alternating
with ifosfamide and etoposide – is used in the United States,
Frontiers in Oncology | www.frontiersin.org 251
whereas a slightly different protocol used to treat Ewing Sarcoma
patients (vincristine, doxorubicin, and cyclophosphamide
alternating with ifosfamide and etoposide) is the most
common regimen in other parts of the world (11, 12). Because
of the extent of disease spread within the peritoneal cavity,
surgery is most effective after neoadjuvant chemotherapy, since
these tumors are typically responsive to chemotherapy and either
shrink or become less vascularized (6). Complete surgical
resection of all visible tumors was found to be essential for
survival beyond 3 years, with 58% of patients who underwent
complete resection surviving to 3 years compared to 0% of
patients whose tumors were not resected and instead received
only chemotherapy and radiation (10). While surgical excision of
all visible tumors is critical, it may be impossible to remove every
tumor cell from the peritoneal cavity. Hyperthermic
intraperitoneal chemotherapy (HIPEC) has been proposed as a
treatment for microscopic residual disease after complete
surgical resection. A recent phase II clinical trial showed that
HIPEC using cisplatin is effective at improving survival, with a 3-
year overall survival rate of 79% (13). However, this treatment
modality does not appear effective for patients whose tumors
were not able to be completely removed during surgery (14).
Whole abdominopelvic irradiation has also been used to treat
residual disease following surgery and appears to reduce the
incidence of peritoneal relapse, however, severe gastrointestinal
and hematopoietic toxicity is common (15, 16). Intensity
modulated radiation therapy reduces grade 2-4 toxicities
without compromising efficacy (17). Autologous stem cell
transplant has been investigated and does not appear to
improve outcomes for DSRCT patients (18); allogenic stem cell
transplant could be an alternative (19). Several clinical trials are
currently underway to test new combinations of chemotherapy
and targeted therapy (Table 1). Progress has been made in
extending survival, however, cures are rare.
TABLE 1 | Current clinical trials using chemotherapy and targeted therapy for DSRCT.

Trial Phase Therapy Status Study term Actual
Enrollment

NCT01189643 Early 1 Irinotecan, temozolomide and bevacizumab in combination with existing high dose alkylator
based chemotherapy

Active, not
recruiting

08/2010 –

08/2022
15

NCT03478462 1 CLR 131 (phosopholipid drug conjugate) Recruiting 04/2019 –

12/2024
30*

NCT03600649 1 Seclidemstat (LSD1 inhibitor) Recruiting 06/2018 –

12/2021
50*

NCT04145349 1/2 Ramucirumab, cyclophosphamide, vinorelbine Recruiting 01/2020 –

01/2024
34*

NCT04095221 1/2 Prexasertib, irinotecan, temozolomide Recruiting 09/2019 –

09/2022
30*

NCT04901806 1/2 PBI-200 (TRK inhibitor) Recruiting 07/2021 –

06/2024
74*

NCT01946529 2 Vincristine, doxorubicin, cyclophosphamide, ifosfamide, etoposide, temozolomide, temsirolimus,
bevacizumab, sorafenib, surgery, and radiation

Active, not
recruiting

12/2013 –

07/2026
24

NCT03275818 2 Nab-paclitaxel Active, not
recruiting

05/2017 –

05/2021
60*
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MUTATIONS, TARGETS, AND
DYSREGULATED PATHWAYS

Many common mutations have been found in DSRCT (Table 2),
some of which have been explored as targets for therapy. Several
of these are targets of the EWS-WT1 fusion protein, which is
present in every case of DSRCT and is required for positive
diagnosis (6). This protein results from a chromosomal
translocation involving breakage of chromosomes 11 and 22 at
sites of genes known to be involved in Wilms’ tumor (WT1) and
Ewing’s sarcoma (EWSR1), respectively (20). WT1 is a tumor
suppressor gene encoding a transcription factor (WT1) that
generally represses gene expression and was first noted for its
deletion in Wilms’ tumor (21, 22). Fusion of the transcription-
activating N-terminal domain of EWS to a set of zinc fingers in
WT1 produces a unique transcription factor capable of
upregulating a number of genes that promote tumor
progression, many of which are repressed by wild-type WT1 (20).

Platelet-Derived Growth Factor A
One of the most well-characterized gene targets of EWS-WT1 is
PDGFA, whose role in DSRCT was first described by Haber and
colleagues in 1997, just a few years after the identification of
DSRCT as a distinct malignancy (23). This group found that
PDGFA was upregulated in an osteosarcoma cell line following
induced expression of EWS-WT1 (23). Additionally, PDGFA
expression was found in 13/14 DSRCT tumor specimens and
correlated with expression of EWS-WT1 (23). These results and
subsequent publications (24, 25) confirming the role of PDGFA in
DSRCT laid the groundwork for clinical trials using imatinib
Frontiers in Oncology | www.frontiersin.org 352
mesylate, a tyrosine kinase inhibitor that targets abl, c-Kit, and
PDGF receptor (PDGFR) and is known for its use in the
treatment of chronic myelogenous leukemia (26). Unfortunately
none of these trials have shown any efficacy in DSRCT (27–29).

Insulin-Like Growth Factor 1
Receptor (IGF-1R)
Another target of EWS-WT1 is IGF-1R, a tyrosine kinase
receptor that is frequently upregulated in cancer cells, leading
to dysregulation of the IGF pathway (30). There are several
reports of DSRCT patients presenting with severe hypoglycemia
as a result of an elevated IGF-II : IGF-I ratio, a consequence of
IGF pathway dysregulation (31, 32). Several IGF inhibitors have
been tested in DSRCT patients in early phase clinical trials. In a
phase II trial of 16 DSRCT patients treated with ganitumab
[monoclonal antibody (mAb) IGF-1R inhibitor], 25% (4/16)
achieved clinical benefit (PR + SD ≥ 24 weeks) (33). In
another study combining cixutumumab (mAb IGF-1R
inhibitor) and temsirolimus (mTOR inhibitor) in 20 patients
with Ewing’s sarcoma family tumors, two DSRCT patients
achieved partial tumor regression and one progressed (34).

Androgen Receptor (AR)
Because DSRCT predominantly affects male patients, it has been
hypothesized that androgen receptor (AR) could play a role in
this disease. In one study of 27 patients with end-stage DSRCT,
10 (37%) had tumors that were positive for AR by IHC (35).
Among the 10 AR-positive patients, 6 had been treated with
combined androgen blockade (CAB). Three responded, with
either stable disease or a reduction in tumor burden, though
TABLE 2 | Mutations and dysregulated pathways in DSRCT.

Mutation/pathway Source material Publication year PMID

Acetylcholine receptor (AChR) 2 tumor specimens 2008 18568996
Androgen receptor (AR) 27 tumor specimens 2007 16896931

7 tumor specimens 2017 28415643
BAIAP3 promoter 2 tumor specimens 2002 12498718
B7-H3 37 tumor specimens 2001 11358824
Connective tissue growth factor (CCN2) 3 tumor specimens 2004 15047749
c-Kit 27 tumor specimens 2007 16896931
DNA damage-response pathway 7 tumor specimens 2018 30486883

2 PDX models 2019 30563935
Epidermal growth factor receptor (EGFR) 12 tumor specimens 2015 25906748
EMT/MET 7 tumor specimens 2018 30486883

7 tumor specimens 2017 28415643
Equilibrative nucleotide transporter 4 (ENT4) 4 tumor specimens 2008 18523561
EWS-WT1 5 tumor specimens 1994 8187063
GD2 20 tumor specimens 2016 27304202
HER2 1 patient 2015 25800760

23 patient specimens 2003 12640103
IL-2/15Rbeta 16 tumor specimens 2002 11960373
Insulin growth factor receptor I (IGF-1R) 2 EWS/WT1-transduced osteosarcoma cell lines 1996 8702614
LRRC15 8 tumor specimens 2003 12923058
PI3K/Akt/mTOR 1 tumor specimen 2013 23922674

10 tumor specimens 2014 25119929
PDGFA 5 tumor specimens 1997 9354795
MET 10 tumor specimens 2014 25119929
NTRK3 2 cell lines, 2 tumor specimens, 3 PDX models 2020 33229458
TGFbeta 10 tumor specimens 1999 10074970
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these responses were not durable, lasting only 3-4 months. The
patients who responded to CAB had normal testosterone levels,
whereas the patients who did not respond had castrate levels of
testosterone, which could explain the lack of efficacy of CAB
(35). A subsequent study found that AR-positive tumors were
enriched for markers of stemness, which could also partially
explain why the response to CAB in AR-positive patients with
normal testosterone levels was short-lived (36).

In addition to the targets above, numerous other potential
targets have been identified and are in various stages of pre-
clinical investigation (Table 2). These include pathways common
to many types of cancer (DNA damage-response pathway,
epithelial-mesenchymal transition) as well as receptors that
have been identified as overexpressed or activated specifically
in DSRCT as targets of the EWS-WT1 transcription factor
(LRRC15, NTRK3).

Targets for Immunotherapy
A suitable target for immunotherapy must be expressed
consistently on tumor cells but be restricted in its normal
tissue expression to prevent on-target, off-tumor toxicity.
Several appropriate targets have been identified in DSRCT. B7-
H3 (targeted by the monoclonal antibody 8H9) is expressed in
almost all DSRCT (35/37 tumors in one study (37), 44/46 in
another) (38). It is tightly regulated by microRNA-29; despite
universal transcription in most normal tissues, protein
expression is highly restricted (39). Its hepatic expression
explained the liver sequestration after intravenous injection,
forcing its clinical development into compartmental
administrations (NCT00582608). A clinical trial using
intraperitoneal compartmental RIT using 131I-8H9 in DSRCT
is ongoing (NCT01099644). Two studies have found GD2
expression in DSRCT, albeit to varying degrees (32/36 in one
study (38), 2/20 in another.) (40) A T-cell engaging bispecific
antibody (BsAb) trial is currently open for GD2(+) DSRCT
(NCT03860207). EGFR, which is frequently mutated or
overexpressed in cancer, was found to be amplified in 2/10
(20%) DSRCT tumors (41), and an EGFR CAR T cell trial for
children and young adults with refractory/recurrent solid tumors
(including DSRCT) is currently underway (NCT03618381).
Another phase I CAR T cell trial was carried out for patients
with HER2-positive sarcomas and the one DSRCT patient
included achieved stable disease for 14 months (42). In a study
assessing expression of various markers in DSRCT, HER2 was
found to be expressed in 7/18 tumors, albeit at a low level for the
majority of the positive-staining tumors (43). The use of these
targets for immunotherapy in DSRCT is discussed in more
detail below.
IMMUNOTHERAPY AND
RADIOIMMUNOTHERAPY FOR DSRCT

Although there has been a relatively recent resurgence in interest in
cancer immunotherapy, the practice of using immunomodulatory
agents to activate an anti-tumor immune response is over a
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hundred years old (44). Immunotherapy holds the potential for
durable responses and even cures of metastatic disease. Immune
cells activated against the tumor can seek out and destroy
micrometastases and prevent recurrence. This type of treatment
is particularly useful in DSRCT because of the extensive
intraperitoneal seeding that typically has occurred at the time of
diagnosis. While it is practically impossible to surgically remove
every tumor cell when there are often dozens or hundreds of tumor
implants on the peritoneum, removing all visible tumors surgically
and following up with consolidation treatment to “clean up”
leftover tumor cells is a viable strategy already in use for DSRCT
in the form of HIPEC and abdominal radiation (14, 15, 17).

Another way in which immunotherapy is particularly well-
suited for DSRCT and other cancers that affect mainly children
and young adults is the lack of long-term adverse effects, or at
least side effects that do not overlap with classic genotoxic
chemoradiotherapy. Because these patients are treated early in
life, any lasting adverse effects of treatment have the potential to
impact them for decades. Furthermore, some treatments,
including cranial radiation and intrathecal chemotherapy used
to treat CNS metastases, have the potential to cause cognitive
deficits and endocrinopathies (45). Although the wide-spread use
of immunotherapy in children and young adults is relatively new,
it also appears to be generally safe, though long-term follow-up
will be required to identify any late adverse effects.

Because of these enormous potential benefits, various types of
immunotherapy are being investigated for DSRCT. A summary
of current clinical trials involving immunotherapy for DSRCT,
and their molecular targets can be found in Table 3. Cellular
targets that have been used for immunotherapy in other types of
cancer have been identified on DSRCT tumors. For example,
GD2 is reportedly expressed on the surface of DSRCT and is the
target of a clinical trial (NCT00445965) employing the
radionuclide-conjugated anti-GD2 antibody 131I-3F8 for
patients with DSRCT and other tumors that either spread to or
originate in the CNS. Neuroblastoma cells uniformly express
GD2 and the use of monoclonal antibody therapy in high-risk
neuroblastoma has been particularly encouraging (46).

Antibody-Based Therapies
Several types of antibody-based therapies are used in the
treatment of cancer, all of which rely on the specificity of an
antibody-antigen interaction and require an appropriate tumor
antigen to be identified that is expressed highly in tumor tissue
and not in normal tissue. The most basic antibodies are
monoclonal antibodies directed against a tumor antigen and
designed to engage effectors cells through their Fc receptors, to
mediate antibody-dependent, cell-mediated cytotoxicity
(ADCC) either by natural killer cells (NK-ADCC) or by
myeloid cells such as neutrophils and macrophages (myeloid-
ADCC). In some tumors (e.g. neuroblastoma), complement-
mediated cytotoxicity (CDC) can also play a role in the anti-
tumor response. Enoblituzumab specific for B7-H3, is being
tested in a phase I clinical trial in children and young adults
with B7-H3-expressing relapsed/refractory solid tumors
including DSRCT (NCT02982941). Enoblituzumab is also
being tested in combination with checkpoint inhibitors
November 2021 | Volume 11 | Article 772862
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pembrolizumab (NCT02475213) and ipilimumab (NCT02381314)
among patients with B7-H3-expressing tumors.

There is also an ongoing trial to test the efficacy of a T cell-
engaging BsAb in patients with advanced GD2+ tumors
including DSRCT (NCT03860207). These BsAb are wide-
ranging in structure, with one or more domains designed to
engage T cells (usually targeting CD3) and one or more domains
specific for a tumor antigen and serve as a sort of link between T
cells and tumor cells, turning polyclonal T cells into specific
killers. The advantage of BsAb over traditional antibody therapy
is that they can initiate a robust T cell response against tumors at
comparatively very low antibody concentrations and low target
density. So far just one BsAb, blinatumomab, which targets CD3
and CD19, has been approved for use in cancer, in this case for
ALL (47). Many others are in phase I-II trials, but only in
adults (48).

Additionally, tumor antigen-specific antibodies can be used as
vehicles to deliver radionuclide conjugates selectively to tumors
in a process called radioimmunotherapy (RIT). This type of
therapy has been successful clinically and two drugs have so far
been approved for non-Hodgkin lymphoma (49). Currently, two
radionuclide-conjugated antibodies are in trials for DSRCT: 131I-
3F8, directed against GD2, which has previously been tested in
medulloblastoma (50) and as a diagnostic tool in neuroblastoma
(51), and 131I-8H9, directed against B7-H3, which has been
previously tested in neuroblastoma (52). A recent Phase I trial
(NCT01099644) of intraperitoneal 131I-8H9 in 48 DSRCT
patients and four patients with other B7-H3-positive sarcomas
found the treatment to be safe and well-tolerated with no dose-
limiting toxicities (53). A Phase II trial for DSRCT is now
accruing patients (NCT04022213).

CAR T Cells
In addition to using bi-specific antibodies to direct T cells to
tumors, it is also possible to redirect T cells by genetically
engineering them to express receptors specific for more classic
antibody targets, i.e. not T cell receptor (TCR) peptide-MCH
targets. These engineered cells are termed chimeric antigen
receptor (CAR) T cells. In the past two years, two CAR T cell
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therapies have been approved by the FDA for treating CD19-
expressing cancers based on clinical trials that showed they can
induce complete responses in a significant proportion of patients
(54, 55). Although current success with CAR T cell therapy has
been largely limited to liquid tumors, clinical trials for solid
tumors, including DSRCT and other sarcomas, are ongoing
(56). HER2-CAR T cells were used in a phase I/II trial of
sarcoma patients (including one with DSRCT) because evidence
shows that HER2 is expressed at low levels by many types of
sarcoma, including DSRCT (43, 57). While this low level of
expression precludes immunotherapy with IgG monoclonal
antibodies, CAR T cell therapy could be effective (57). This trial
showed that HER2-CAR T cells delivered at low doses were safe,
tolerable, and effective in maintaining stable disease in a subset of
patients, with one DSRCT patient stable for >14 months (42).
Phase I trials testing CAR T cells targeting EGFR (NCT03618381)
and B7-H3 (NCT04483778, NCT04897321) are currently
underway for patients with solid tumors including DSRCT.

Cancer Vaccines
It has been proposed that chromosomal translocation products
can serve as tumor-specific antigens in sarcomas including
DSRCT (58). This occurs when mutant proteins are processed
by proteasomes and displayed as peptides on MHCmolecules on
the surface of tumor cells, as was demonstrated with mutant p53
(59, 60). A 9-amino acid epitope from the EWS-WT1 fusion
protein has been described that binds to HLA-A3, providing the
potential target for cytotoxic T cells (61). In one study among
sarcoma patients, 2 patients with DSRCT were treated with
autologous lymphocytes, tumor-pulsed dendritic cells and IL-7;
unfortunately, neither had any measurable response (62). In
another WT1 peptide vaccine trial among a group of 20 children
with glioma, rhabdomyosarcoma, neuroblastoma, osteosarcoma,
and clear cell sarcoma of the kidney (63), WT1-specific immune
response was demonstrated in 4/18 (22%) evaluable patients
(63). Although no DSRCT patients were included in this study,
these results may provide a rationale for using peptide vaccines
in DSRCT and other tumors with chromosomal translocation
products that contain WT1.
TABLE 3 | Previous and current clinical trials using immunotherapy to treat DSRCT.

Trial Phase Therapy Type Target Status Study term Actual enrollment

NCT00043979 2 Allogenic hematopoietic stem cell transplant STC n/a Completed 09/2002 – 12/2011 60
NCT00089245 1 131I-8H9 RIT B7-H3 Active, not recruiting 07/2004 – 07/2021 120*
NCT00445965 2 131I-3F8 RIT GD2 Active, not recruiting 01/2006 – 01/2022 78
NCT00562380 1 AMG-479 mAb IGF-1R Completed 04/2010 – 06/2010 64*
NCT00720174 1 Cixutumumab mAb IGF-1R Completed 06/2008 – 01/2013 30
NCT01099644 1 131I-8H9 RIT B7-H3 Active, not recruiting 04/2010 – 09/2021 54
NCT02982486 2 Nivolumab + ipilimumab ICI PD-1/CTLA-4 Unknown 12/2017 – 12/2020 60*
NCT02982941 1 Enoblituzumab mAb B7-H3 Completed 12/2016 – 05/2019 25
NCT03618381 1 EGFR806 CAR T Cells CAR T EGFR Recruiting 06/2019 – 06/2038 36*
NCT03860207 1/2 Hu3F8-BsAb BsAb GD2 Recruiting 02/2019 – 02/2022 30*
NCT04022213 2 131I-8H9 RIT B7-H3 Recruiting 07/2019 – 07/2024 55*
NCT04483778 1 B7-H3 CAR T cells CAR T B7-H3 Recruiting 07/2020 – 12/2040 68*
NCT04530487 2 Allogenic hematopoietic stem cell transplant SCT n/a Recruiting 08/2020 – 05/2025 40*
NCT04897321 1 B7-H3 CAR T cells CAR T B7-H3 Not yet recruiting 04/2022 – 03/2027 32*
Nov
ember 2021 | Volume
*For ongoing studies the estimated enrollment is provided in lieu of actual enrollment. STC, stem cell transplant; RIT, radioimmunotherapy; mAb, monoclonal antibody; ICI, immune
checkpoint inhibitor; CAR T, chimeric antigen receptor T cell; BsAb, bispecific antibody.
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Hematopoietic Stem Cell Transplantation
Allogenic stem cell transplants (SCT) have been transformative
in the treatment of hematological cancers. Although intense pre-
transplant chemotherapy drastically reduces tumor burden, it
rarely eliminates all tumor cells from the marrow compartment
(64). Rather, a graft-versus-tumor effect is probably responsible
for long term tumor control (65, 66). In this way, SCT is a form
of cancer immunotherapy. Allogenic SCT has been shown to
increase survival in advanced DSRCT (11.4 months vs. 1.9
months) (19). Autologous SCT has also been used but does not
appear to be effective in increasing survival or reducing
recurrence (18, 67). Yet, one DSRCT patient treated with
CD34+ selected peripheral blood stem cells (PBSC) following
surgical resection and high-dose chemotherapy, has maintained
remission for over 10 years (68).

Checkpoint Inhibitors
The field of immunotherapy was revolutionized by the advent of
immune checkpoint inhibitors, drugs meant to release the
“brakes” on T cells to reboot or to recruit T cells in their anti-
tumor immune responses. Drugs targeting CTLA4 (ipilimumab)
and PD-1 (programmed cell death protein 1) (nivolumab and
pembrolizumab) have proven effective in treating melanoma, and,
most excitingly, many of the patients who respond are alive years
after treatment, suggesting that their remission is durable (69).
Unfortunately, DSRCT, like sarcomas in general, do not respond
well to checkpoint inhibition (36, 70). Typical among pediatric
cancers driven by gene fusion, DSRCT has low tumor mutation
burden, and hence few neoepitopes and insufficient anti-tumor T
cell clonal frequencies (71). Tumor mutation burden, which often
also correlates with a low degree of lymphocyte infiltration, is a
predictor of response to checkpoint inhibitors (72). In contrast to
melanoma and other tumors that are responsive to checkpoint
inhibition, DSRCT appears to be an immunologically “cold”
tumor, that is to say it is not heavily populated by tumor
infiltrating lymphocytes (TILs) (73). DSCRT has low or no
expression of PD-1/PD-L1 (programmed death ligand 1),
suggesting that signaling along this axis is uncommon (41, 74).
Put simply, removing the “brakes” from T cells is only effective if
the host already has T cells capable of recognizing tumor epitopes
just waiting to be rebooted, or if the naive T cells can be recruited
to go after neoepitopes. Despite their failure as monotherapies in
DSRCT, they could still hold promise when combined with other
forms of immunotherapy, such as CAR T cells, cancer vaccines,
and BsAb (75–77).

Challenges in Immunotherapy for DSRCT
Low mutation load is now a well-recognized Achilles heel for
most solid tumors in children and adolescents/young adults (71).
This partly explained the paucity of TILs, which is made worse
by the upfront use of aggressive chemotherapy, adopted as the
standard of care from the time of diagnosis (6, 78). While this
chemotherapy often succeeds at reducing tumor burden, it also
depletes the patient’s immune cells, which may lead to depletion
of effector cells, and especially T cells, thereby reducing the
efficacy of immunotherapies (78).
Frontiers in Oncology | www.frontiersin.org 655
Another challenge lies in achieving sufficient concentrations
of antibody or large proteins in the tumor. When delivered
intravenously, it may be difficult to achieve therapeutic doses of
antibodies without on-target, off-tumor toxicity and other
adverse effects. One solution for this is to deliver the
immunotherapeutic agent regionally or to a specific biological
compartment (56). Currently, a clinical trial (NCT00445965) is
underway to test the efficacy of intrathecal delivery of the
radiolabeled antibody 131I-3F8 to DSRCT and other tumors
that have spread to or originated in the brain. Another clinical
trial (NCT04022213) is in progress to determine the efficacy of
131I-8H9 delivered intraperitoneally for DSRCT and other solid
tumors which metastasize within the peritoneum. Regional
delivery has also been tested in radioimmunotherapy of
neuroblastoma that has spread to the CNS, and even CAR T
cells in ovarian cancer (52, 56, 79). These delivery methods aim
to allow the treatment to reach sufficient levels in and around the
tumor while protecting other normal tissues from the deleterious
effects of high concentrations of these immunotherapeutic
agents. Given the peripatetic presence across all tissues, T cells
have the capability to penetrate deep into tissues unlike
antibodies. Hence BsAbs that arm T cells either in vivo or ex
vivo may be able to overcome penetration hurdles.

Although speculative, regional or compartmental delivery of
BsAb may reduce on-target, off-tumor effects, which can be life-
threatening. The most common adverse effect experienced by
patients in these T cell-based therapy is cytokine release
syndrome, which occurs when large numbers of T cells
become activated and release cytokines such as IFN-y, GM-
CSF, IL-10, and IL-6 (80). This occurs because of immediate
contact between active T cells with targets in the hematogenous
compartment (e.g. CD19), or direct activation of T cells even
before arriving at the tumor site. The effects of this “cytokine
storm” range from mild to severe, and can cause fever, fatigue,
pain, nausea, hypotension, and organ failure (80). One patient
treated with 1 × 1010 HER2 CAR T cells experienced respiratory
distress within minutes of the infusion and died 5 days later (81).
It is thought that the CAR T cells localized to her lungs and
became active upon recognition of low levels of HER2 expressed
in lung tissue (81). However, patients have safely been treated
with HER2 CAR T cells at much lower doses, including one
DSRCT patient treated with 1 × 107/m2 cells (42). Such life-
threatening complications can potentially be avoided if the
BsAbs are first administered into a “cold” compartment to
bind to tumors before TILs arrive.

Finally, it is well known that tumors evolve resistance to
treatments by downregulating expression of target molecules,
and by upregulating expression of immune checkpoint
molecules. In the context of immunotherapy, this is called
immune escape (82). It has been demonstrated that tumors
upregulate PD-1 and CD47 in response to treatment with
BsAbs (77, 83). It has also been shown that tumors are capable
of downregulating the targets of CARs, evidenced by the fact that
11% of B-cell malignancy patients who initially responded to
treatment with CD19 CAR T cells eventually relapsed with
CD19- tumors (84). One potential strategy to combat this
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phenomenon is to develop treatments that target multiple tumor
antigens, including bispecific CAR T cells and T cell engaging
antibodies with more than one tumor-targeting domain (82).
DISCUSSION

Overall cancer death rates have steadily declined over the past
several decades in the United States, owing to prevention, early
detection, and advances in treatment (85). Deaths from
childhood cancers have also declined, though this is primarily
due to the availability of better treatments, since childhood
cancers (which are rarely caused by infection or exposure to
carcinogens) can only rarely be prevented (86, 87). Furthermore,
while the adult cancer death rate has been improved by efforts to
regularly screen at-risk populations (through cervical cancer
screening, mammograms, and colonoscopies, for example), for
childhood cancers including DSRCT it is not feasible to
implement any screening programs because no at-risk
populations have been identified and no suitable screening
tests exist to implement on a population-wide scale (88–90).
For these reasons, efforts to reduce deaths from DSRCT and
other childhood cancers can only be focused on improving
treatments. While some novel approaches, such as the use of
HIPEC, could delay progression, few have yielded few long-term
DSRCT survivors who can be considered cured (6, 14).
Immunotherapy and radioimmunotherapy are attractive
options for DSRCT because they have the potential to produce
durable responses without long-term side effects.

So far most of the reports on immunotherapy success in
DSRCT are anecdotal. However, it is useful to learn from the
successful implementation of immunotherapy in other pediatric
solid tumors, like high-risk metastatic neuroblastoma which was
incurable three decades ago. As mentioned previously, GD2-
targeted immunotherapy has revolutionized treatment of high-
risk neuroblastoma even when recurrent (46). Beginning with
murine monoclonal antibodies, anti-GD2 treatment has evolved
into chimeric and humanized monoclonal antibodies, and trials
are underway testing CAR T cells (NCT03294954), an antibody
vaccine(NCT00911560), and BsAb therapy (NCT03860207)
(46). Though decades behind neuroblastoma, DSRCT could
benefit from similar types of immunotherapies.

While DSRCT and other immunologically “cold” tumors
don’t have de novo anti-tumor immune responses, passive
immunotherapy, such as monoclonal antibodies, may still be
effective. The success of monoclonal antibody therapy in
neuroblastoma and leukemia, even in patients who are
immunocompromised by prior chemoradiotherapy, suggests
that these passive immunotherapeutic approaches could be
successfully implemented even after receiving dose-intensive
therapies among DSRCT patients. In fact, a monoclonal
antibody against B7-H3 (NCT02982941) and two radionuclide-
labeled monoclonal antibodies against B7-H3 (NCT04022213)
and GD2 (NCT00445965) are currently being tested in clinical
trials open to patients with DSRCT.
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Immunotherapy may also be made more efficacious for
DSRCT by compartmental delivery to the peritoneum. While
DSRCT is often advanced at diagnosis, in a substantial
proportion of patients their disease is contained within the
peritoneum. By delivering the immunotherapeutic agent
intraperitoneally, the concentration of the agent in and around
the tumor could be substantially higher compared to systemic
delivery. The likelihood of adverse on-target, off-tumor effects
would also likely be reduced for tissues expressing the target but
located outside the peritoneal cavity. In this way, the impact of
the agent on the tumors would be maximized while the impact of
the agent on normal tissue would be minimized. Intraperitoneal
delivery of CAR T cells has proven superior to systemic delivery
in an animal model of metastatic peritoneal colorectal cancer
(91) and this strategy is being implemented in clinical trials for
ovarian cancer (NCT02498912), peritoneal mesothelioma
(NCT03608618) and advanced gastric cancer (NCT03563326)
with peritoneal spread. When DSRCT does spread beyond the
peritoneum, it often metastasizes to the CNS, which is walled off
by the blood brain barrier from most treatments that are
delivered parenterally. To reach these tumors treatment must
be delivered intrathecally or intraparenchymally using catheters
connected to an Ommaya reservoir. A clinical trial testing
intrathecal 131I-3F8 (NCT00445965) is ongoing for patients
with CNS tumors, including metastatic DSRCT.

Another challenge to consider which may inform the future
direction of immunotherapy in DSRCT is antigen heterogeneity
and antigen loss, a process in which tumors lose expression of
antigens targeted by immunotherapy and thereby “escape”
immune surveillance. This is now a well-known mechanism of
resistance in CD19 CAR T cells, where recurrent leukemia cells
no longer express CD19 following treatment. A proposed
solution for this problem is to target two antigens instead of
one, since the probability of two distinct mutations arising in the
tumor that would downregulate both targets and allow for
antigen escape during treatment is statistically unlikely (92).
Since DSRCT expresses several tumor-associated targets, they
should be suitable for this dual targeting approach. Targeting
multiple antigens would also increase efficacy of immunotherapy
in tumors where the expression of targets is heterogenous, where
no single target is expressed uniformly on every tumor cell.
Radionuclide-conjugated antibodies offer a similar benefit, as
they can kill not only the tumor cells that express their antibody
targets but other tumor cells in the vicinity. This killing is
achieved by way of cross-firing during radioactive decay by
high energy particles such as electrons and positrons that
travel millimeter distances, and alpha particles that travel
micron distances. By combining antibody formats that target
multiple targets with novel radioimmunotherapy platforms, the
potential exists for designing a radioimmunotherapy strategy for
DSRCT, which is well-known to be radiation-responsive.

In addition to the scientific challenges confronting
immunotherapy approaches, it is important to take into
consideration the logistical hurdles, including the cost of these
therapies and the accessibility for the general public world-wide.
These issues have surfaced quickly in the field of CAR T cells,
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which must be tailor-made for each patient using ex vivo T cell
expansion and viral transduction. In the case of Kymriah and
Yescarta, the two FDA-approved CAR T cell therapies, the drug
cost is currently $475,000 and $373,000 per patient, respectively
(93). These prices make them inaccessible for many patients,
even those in developed countries. In addition to the cost, the
treatment can take several weeks to prepare for each individual
patient. Although these therapies have undoubtedly saved lives,
the fact remains that they are time-consuming and expensive to
produce. While antibody therapy is less personalized and
therefore does not have to be tailored made for each patient, it
is still expensive in the current market. In the United States, a
course of treatment with dinutuximab, an anti-GD2 monoclonal
antibody, for example, can cost upwards of $150,000 for the drug
only, and the only BsAb approved for cancer, blinatumomab,
costs over $170,000 per year. The cost of these revolutionary
treatments needs to be considered when evaluating the success of
immunotherapy, considering that patients cannot benefit from
drugs they cannot access.

Until recently, the improvements in survival for DSRCT have
been incremental, owing mostly to the use of multi-agent
chemotherapy. These combinations of drugs are highly toxic,
have debilitating side effects, and only serve to prolong survival
by a few months or years, at best. Today, there are numerous
ongoing trials of various types of immunotherapy for DSRCT
patients, including a BsAb, radionuclide-conjugated antibodies, a
monoclonal antibody, CAR T cells, and checkpoint inhibitors
(Table 3). New clinical studies aiming to collate information on
clinical attributes (NCT04690374) and immune characteristics
(NCT03967834) of patients with DSRCT will improve our
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knowledge this rare disease. Immunotherapy offers the promise
of eradicating chemotherapy-resistant, microscopic tumors that
cause relapse and eventually death in a majority of DSRCT
patients, without the same adverse long-term effects encountered
by genotoxic therapies. It is instructive to look at the successes of
immunotherapy in other diseases, such as neuroblastoma and
leukemia, which have seen children with relapsed tumors cured
for the first time by antibody therapy and CAR T cells. At the
same time, it is important to learn from the challenges
experienced in the development and evolution of these
treatments so that they may be implemented most efficiently
and effectively in DSRCT.
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Medulloblastoma is the most common childhood brain cancer. Mainstay treatments of
radiation and chemotherapy have not changed in decades and new treatment
approaches are crucial for the improvement of clinical outcomes. To date,
immunotherapies for medulloblastoma have been unsuccessful, and studies
investigating the immune microenvironment of the disease and the impact of current
therapies are limited. Preclinical models that recapitulate both the disease and immune
environment are essential for understanding immune-tumor interactions and to aid the
identification of new and effective immunotherapies. Using an immune-competent mouse
model of aggressive Myc-driven medulloblastoma, we characterized the brain immune
microenvironment and changes induced in response to craniospinal irradiation, or the
medulloblastoma chemotherapies cyclophosphamide or gemcitabine. The role of
adaptive immunity in disease progression and treatment response was delineated by
comparing survival outcomes in wildtype C57Bl/6J and in mice deficient in Rag1 that lack
mature T and B cells. We found medulloblastomas in wildtype and Rag1-deficient mice
grew equally fast, and that craniospinal irradiation and chemotherapies extended survival
equally in wildtype and Rag1-deficient mice, suggesting that tumor growth and treatment
response is independent of T and B cells. Medulloblastomas were myeloid dominant, and
in wildtype mice, craniospinal irradiation and cyclophosphamide depleted T and B cells in
org March 2022 | Volume 13 | Article 837013161
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the brain. Gemcitabine treatment was found to minimally alter the immune populations in
the brain, resulting only in a depletion of neutrophils. Intratumorally, we observed an
abundance of Iba1+ macrophages, and we show that CD45high cells comprise the
majority of immune cells within these medulloblastomas but found that existing markers
are insufficient to clearly delineate resident microglia from infiltrating macrophages.
Ultimately, brain resident and peripheral macrophages dominate the brain and tumor
microenvironment and are not depleted by standard-of-care medulloblastoma therapies.
These populations therefore present a favorable target for immunotherapy in combination
with front-line treatments.
Keywords: medulloblastoma, immune microenvironment, microglia, immunocharacterization, chemotherapy,
craniospinal irradiation, group 3
INTRODUCTION

Medulloblastoma is the most common malignant brain cancer in
children, accounting for over 60% of childhood embryonal brain
tumors [reviewed in (1)]. Extensive molecular analyses bymultiple
groups have revealed that medulloblastomas can be classified
according to molecular and histopathological features into four
major subgroups (WNT, SHH, Group 3, and Group 4) which vary
in their clinical outcomes (2, 3). Standard-of-care treatment
consists of radiotherapy and chemotherapy following surgical
resection which has not changed for decades, survival outcomes
have plateaued (4), and severe treatment-induced toxicity remains
a major problem for survivors (1). Approximately 30% of children
with medulloblastoma will fail conventional therapy (5). While
certain molecular features can identify tumors at high risk of
treatment failure, including amplification and/or overexpression
of MYC in Group 3 medulloblastoma (6), limited therapeutic
options exist for patients following relapse and there are minimal
genetic changes in Group 3 tumors that can be therapeutically
targeted at this disease stage (7). Consequently, there is an urgent
and unmet need to identify new therapies for the treatment of
medulloblastoma and to improve quality-of-life following
disease control.

Immunotherapy has arisen as a possible adjunct to conventional
therapy to improve the efficacy and mitigate the profound
neurotoxicity of current medulloblastoma treatments; however,
there have been few studies defining the mechanisms by which
medulloblastomas evade anti-tumoral immune activity. Despite
the successes immunotherapies have had in other cancers, no
clinically approved immunotherapy has had proven success in
clinical trials for medulloblastoma to date. Although there are
several different immunotherapeutic approaches currently in
clinical trials for children with medulloblastoma, including
immune checkpoint inhibitors, oncolytic viruses, and dendritic
cell vaccines, all of these are early phase studies, and none have
progressed beyond phase 2. Moreover, as with many early phase
clinical trials for pediatric cancer, these agents are being evaluated
in children with recurrent or relapsed disease; whereas past clinical
trial experience indicates that new therapies for medulloblastoma
have the greatest chance of success when applied early in the
course of the disease. This is because relapsed medulloblastoma is
org 262
typically highly treatment resistant and a patient’s likelihood of
responding to salvage therapy is low at this disease stage (<5%
long-term survival) (5, 8, 9). It is therefore important that new
immuno-therapies being considered for medulloblastoma are
rationally designed based on the immune cells present within
tumors and tested for efficacy in combination with standard
first-line therapies like radiotherapy and chemotherapy.
However, studies investigating the impact of radiotherapy and
chemotherapy on the immune microenvironment of
medulloblastoma are limited. As a result, it is poorly understood
how compatible standard therapies are with existing or
emerging immunotherapeutics.

Here, we have utilized both immune-competent and
immunodeficient murine models of aggressive Myc-driven
medulloblastoma (10) and characterized adaptive and innate
immune cell infiltration in the brain. We describe the impact of
the adaptive immune system on tumor growth and treatment
response using Rag1 knockout mice. These mice are deficient in
V(D)J recombination, resulting in the arrest of T and B cell
differentiation at an early stage and subsequent severe combined
immunodeficiency (11). In addition, we have defined how the
immune microenvironment changes in response to clinically-
relevant fractionated craniospinal irradiation (CSI) protocols, or
to the clinically used medulloblastoma chemotherapies
cyclophosphamide (CPA) or gemcitabine (GEM). We show
that these first-line therapies deplete lymphocyte populations
in the brain/medulloblastoma microenvironment, and
recommend these impacts be considered when designing
future up-front treatment protocols that incorporate
immunotherapies for medulloblastoma.
MATERIALS AND METHODS

Preclinical Models
6-12 week old female C57Bl/6J (WT) mice were obtained from
the Animal Resource Centre (Perth, Australia). 6-12 week old
female C57Bl/6J Rag1-/- (Rag1KO) mice, that lack mature T and
B cells (11), were obtained from an on-site breeding colony at the
Telethon Kids Institute Bioresources Facility. Mice were group-
housed in a pathogen-free facility at the Telethon Kids Institute
March 2022 | Volume 13 | Article 837013
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(12:12 hour light:dark cycle) with access to standard chow and
water ad libitum. Mice received sunflower seeds during
treatment for enrichment and to maintain healthy weight. All
animal procedures were approved by the Animal Ethics
Committee of the Telethon Kids Institute and performed in
accordance with Australia’s Code for the Care and use of
Animals for Scientific Purposes.

The murine allograft model of aggressive Myc-amplified
Group 3 medulloblastoma (Myc/p53DD) was generated
through retroviral-driven expression of MycT58A, a dominant
negative carboxy-terminal fragment of Tp53, GFP and firefly
luciferase in CD133-positive cerebellar stem cells as previously
described (10). For intracranial implantation, Myc/p53DD cells
were harvested from female C57Bl/6J donor mice, suspended in
Matrigel (BD Biosciences), and 5,000 cells were implanted per
mouse as previously described (12).

Tumor size was monitored using bioluminescence imaging
with an IVIS Spectrum (Caliper, USA). Prior to imaging, fur was
removed with electric clippers and depilatory cream. Mice
received intraperitoneal injections of D-Luciferin [15 mg/kg in
Dulbecco’s phosphate-buffered saline (DPBS)] and were
anesthetized with isoflurane. During image acquisition,
isoflurane was maintained at 1.5-1.8% in oxygen (flow rate 0.5
L/min) and images were acquired every minute for 10 minutes
until peak photon flux was recorded. Bioluminescence was used
as a surrogate measure of tumor burden and mice were
randomized into groups such that the average flux ± standard
deviation (SD) was equal across all groups at the start
of treatment.

Craniospinal Irradiation (CSI)
Irradiation was performed using a X-RAD SmART small animal
image-guided radiation therapy system (Precision X-Ray, USA)
employing cone-beam CT guidance with fully assessed spatial and
dosimetric accuracy (13). Treatment planning and dose
calculations were performed using Monte Carlo simulations in
SmART-Plan software (14). Mice were anesthetized with
isoflurane, maintained at 1-2% in air delivered via nose cone
during treatment. Mice were secured to the irradiation stage with
non-adhesive athletic tape to flatten the spine and avoid
irradiating abdominal organs. CSI was achieved using two sets
of two lateral coplanar beams with 40 mm square collimation
delivered to two separate isocenters, with the first set of beams
targeting the brain and cervical spine, the second targeting the
thoracic and lumbar spine. Mice received a total of 20 Gy CSI
fractionated as 10 doses of 2 Gy, delivered on a 5-days-on, 2-days-
off schedule for two weeks (15) (Figure 1A). For the sham control
group, mice were anesthetized with isoflurane on a 5-days-on, 2-
days-off schedule for two weeks for an equal length of time per day
as the CSI treatment protocol. Animals were humanely euthanized
upon the onset of tumor-related morbidity.

Chemotherapy
Cyclophosphamide (CPA, Baxter) and gemcitabine (GEM,
MedChemExpress) were diluted in phosphate-buffered saline
(PBS) and delivered twice weekly (day 7, 10, 14, 17, etc.). CPA
was delivered intraperitoneally (i.p.) at 120 mg/kg and GEM was
Frontiers in Immunology | www.frontiersin.org 363
delivered intravenously (i.v.) at 60 mg/kg. Control mice received
saline injections via the equivalent route on the same schedule
(Figure 1A). Treatment was continued until mice required
euthanasia due to tumor-related morbidity.

Flow Cytometry
Single cell suspensions were prepared from whole brains for flow
cytometric analysis. Whole brains were minced on a sterile petri
dish with a scalpel blade, prior to addition of 5 mL digestion buffer
(100 U/mL Collagenase IV (Life Technologies), 10 U/mL DNAse
(Sigma-Aldrich) in Hank’s balanced salt solution (HBSS, Gibco)),
followed by trituration to obtain a uniform suspension. The tissue
suspension was transferred to a gentleMACS C tube (Miltenyi)
and further digested on a gentleMACS Octo Dissociator
(Miltenyi) for 30 minutes, with constant stirring at 50 RPM at
37°C. Digestion was halted with the addition of 10 mL cold FACS
buffer (2% fetal calf serum, 5 mM EDTA in HBSS) and the
suspension was strained through a 100 mm filter (Miltenyi). Red
blood cells were lysed with red blood cell lysis solution (Miltenyi),
cells were resuspended in 10 mL FACS buffer and strained
through a 30 mm filter (Miltenyi). To remove myelin, cells were
resuspended in 10 mL of 30% Percoll (Sigma-Aldrich) diluted in
FACS buffer and centrifuged at 800 g for 30 min at room
temperature. The myelin layer was removed, and cells
resuspended in DPBS before staining.

Given that chemotherapy is known to have systemic effects,
spleen tissue was routinely collected and analyzed alongside
brain tissue as a control to characterize the effects of
chemotherapy on immune cells outside the central nervous
system. In addition, the spleens of mice treated with CSI would
have received some off-target irradiation when radiotherapy was
delivered to the thoracic and lumbar spine. Spleen dissociation
protocols and results can be found in the Supplementary Data
(Supplementary Figure 1).

Single cell suspensions were labelled with a viability stain (BD
Bioscience Cat #564997) then stained with the following
fluorochrome conjugated cell surface marker antibodies: CD45-
BV421 (BD Bioscience Cat #563890), IAIE-BV510 (Biolegend Cat
#107635), CD11b-BV605 (Biolegend Cat #101257), CD4-BV650
(BD Bioscience Cat #563747), CD8a-BV711 (BD Bioscience Cat
#563046), NK1.1-BV786 (Biolegend Cat #108749), B220-PerCP-
Cy5.5 (BD Bioscience Cat #552771), F4/80-PE (BD Bioscience Cat
#565410), CD3e-PE-CF594 (BD Bioscience Cat #562286), CD19-
PECy7 (BD Bioscience Cat #552854), CD11c-APC (BD Bioscience
Cat #550261), Ly6G-APC-Cy7 (BD Bioscience Cat #560600).
Antibody dilutions and the staining protocol can be found in
the Supplementary Material (Supplementary Methods and
Supplementary Table 1). Data were acquired on a LSRFortessa
X-20 (BD Bioscience, USA) and immune populations were gated
using FlowJo (Figure 2). The combination of markers used to
define different immune populations is described in
Supplementary Table 2. Positively stained cells are presented as
a proportion of all CD45-positive cells. Alternatively, calibration
beads (BD Bioscience Cat #556296) were added to cell suspensions
to quantify the total numbers of immune cells within each tissue
sample by comparing the ratio of bead events to cell events.
Population statistics were compared and graphed in GraphPad
March 2022 | Volume 13 | Article 837013

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Abbas et al. Medulloblastoma Therapies Deplete Brain Lymphocytes
PRISM v8. Gating strategy for populations from Rag1KOmice are
shown in Supplementary Figure 2.

For CSI treated mice, immune cell populations were assessed
at two experimental time points. Firstly, tissue was harvested 24
hours following the final (10th) dose of CSI (referred to as
“acute”) to capture transient changes in immune populations
following CSI. A second time point was captured approximately
1-2 weeks after the cessation of CSI (referred to as “late stage”),
when tumor burden was high and mice were moribund, to
determine lasting effects of CSI. For all chemotherapy
experiments, brains were analyzed when tumor burden was
high and caused morbidity requiring euthanasia. Due to the
continual dosing schedule (Figure 1), tumor related morbidity
and tissue analyses occurred within 2-3 days of chemotherapy
dosing. Healthy, non-tumor bearing mice were time-matched to
Myc/p53DD bearing mice. To determine proportions of CD45high

and CD45intermediate (CD45int) tumor-infiltrating immune cells,
untreated Myc/p53DD medulloblastomas from C57Bl/6J WT
mice were dissected out from the brain, dissociated as above,
and labelled with viability stain (BD Bioscience Cat #564997) and
CD45-BV421 (BD Bioscience Cat #563890).

Immunohistochemistry (IHC)
Mice were transcardially perfused with PBS, followed by 4%
paraformaldehyde (PFA) in PBS. Brains were further fixed
overnight in 4% PFA at 4°C before embedding into paraffin.
IHC was performed on 5 mm sections. Briefly, sections were
deparaffinized and rehydrated using an ST5010 AutoStainer XL
(Leica, Germany). Antigen retrieval was performed using a
Frontiers in Immunology | www.frontiersin.org 464
sodium citrate buffer (1.8 mM citric acid, 8.2 mM sodium
citrate), sections were incubated in 3% H2O2 to block
endogenous peroxidases, blocked with 10% normal goat serum
in Tris buffered saline containing 0.01% Tween 20 (TBS-T) for
one hour at room temperature, and incubated with primary
antibodies overnight at 4°C in 2% goat serum in TBS-T. Slides
were incubated with biotinylated secondary antibodies, then
incubated with an streptavidin-conjugated peroxidase reagent
(Elite ABC, Vector Labs). Slides were incubated with NovaRED
peroxidase substrate (Vector Labs), counterstained with Gill’s
Hematoxylin (Vector Labs), dehydrated, and coverslipped with
Permount (Fisher Scientific). Slides were stained with the
following antibodies: Iba1 (1:800, Wako Chemicals, Cat #019-
19741), Tmem119 (1:300, Abcam, Cat #ab209064). Positively-
stained cells with evident nuclei were counted from four 1mm2

areas per mouse corresponding to three different areas: normal
cortex, areas where the image consisted of 50% tumor and 50%
normal brain, or tumor. Data are presented as cells per mm2.

RNA Isolation and Bulk RNA Sequencing
Tumor tissue was dissected from the brain, snap frozen using dry
ice and stored at -80°C. Total RNA was isolated from 5-20 mg
tumor tissue using the RNeasy Plus Mini Kit (Qiagen) as per the
supplied protocol. RNA concentration and purity was assessed
on a spectrophotometer (NanoDrop) and total RNA was
submitted to GenomicsWA (Perth, Australia) (CSI and Sham
samples) or the Australian Genome Research Facility (AGRF)
(CPA, GEM, control samples). Samples had an average ± SD
RNA integrity number (RIN) of 9.8 ± 0.36 prior to library
BA

DC

FIGURE 1 | The adaptive immune system does not play a role in Myc/p53DD tumor progression nor treatment efficacy. (A) Schematic diagram illustrating the
treatment protocols for craniospinal irradiation (CSI), cyclophosphamide (CPA) and gemcitabine (GEM). (B–D) Survival curves of multiple independent experiments
(minimum of two independent experiments per treatment) of WT (solid lines) or Rag1KO (dashed lines) mice treated with (B) CSI (pink), (C) CPA (green), or (D) GEM
(blue). Arrows on graphs indicate when treatment was administered. The number of mice per group (n) is shown and significant differences between survival curves
determined using log-rank tests is indicated (*P < 0.05; ***P < 0.001).
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preparation. Total RNA library preparation (SureSelect, Agilent),
rRNA depletion (Ribo-Zero Plus, Illumina) and sequencing were
carried out by GenomicsWA or AGRF. Libraries were sequenced
on NovaSeq 6000 S1 flow cells as paired-end 150bp reads
(Illumina). Raw sequencing data for two independent datasets
are available from the European Genome Archives (EGAS0000
1005847 and EGAS00001005846).

Pre-Processing, Quality Control (QC) and
Exploratory Data Analysis
Adapter and quality trimming were applied using CutAdapt
(16). Pre-alignment and post-alignment QC were carried out
with FastQC (17) and SAMStat (18) respectively. Reads were
aligned to the mouse reference genome (GRCm38) using
HISAT2 (19) and quantified at the gene-level with
summarizedOverlaps() (20). The proportion of mapped reads
was 84% (79.7-87%) in CPA/GEM/Control samples and 90%
(89.3-91.5%) in CSI/Sham samples.

Data analysis was carried out in the statistical computing
environment R (version 4.1.1). Genes with an official MGI Gene
Nomenclature Committee symbol and a count per million
corresponding to 10 in ≥3 were retained for downstream
analysis. Exploratory data analysis was carried out using EDASeq
(21) and standard QC plots were used to identify potential outlying
samples pre- and post-global-scale median normalization of gene
counts. Unwanted variation was removed employing RUVSeq (21).
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Estimation of the Cellular Composition
With CIBERSORTx
CIBERSORTx (22) was used to estimate the immune cell
proportions in medulloblastoma tissue. A published C57Bl/6J
WT whole brain single cell dataset (23) (GEO accession
GSE128855) was used as the reference dataset containing 8
annotated brain immune cell types (microglia, B cells, NK/
NKT cells, T cells, cDC, monocytes, border associated
macrophages, neutrophils). The following parameters were
used: disabled batch correction, relative run mode, 100
permutations. Cell fractions calculated by CIBERSORTx in
treatment groups were compared to their control (CSI vs
Sham, CPA and GEM vs Control) by unpaired two-tailed t tests.

Differential Expression Analysis
Differentially expressed genes were identified using edgeR (24). A
linear binomial model was fit to the data and a false discovery
rate (FDR) for multiple testing was applied. An adjusted P < 0.05
and an absolute log2 fold change > 0.5 (fold change = 1.5) was
deemed significant.

Pathway Analysis
Up- and downregulated genes were assessed separately for
pathways enrichment using InnateDB (25) version 5.4.
Enrichment testing is based on a hypergeometric distribution
FIGURE 2 | Gating strategy for flow cytometry analysis of mouse brain. Representative plots of gating strategy for immune populations in C57Bl/6J WT brain.
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and P values are corrected using the Benjamini-Hochberg
method for multiple testing.

Upstream Driver Analysis
Putative molecular drivers of the observed gene expression
patterns were identified using upstream regulator analysis from
Ingenuity Systems KnowledgeBase (26). Significance testing is
based on a Fisher’s exact test, testing for enrichment against
known upstream drivers. The Benjamini-Hochberg method was
used to correct for multiple testing. An adjusted P-value < 0.01
and absolute z-score > 2.0 (predicting activation/inhibition of the
driver) were deemed significant.

Statistical Analyses
Kaplan-Meier survival curves were compared using the log-rank
test. In each survival experiment, treatment groups were
compared to their equivalent controls. Unpaired two-tailed t
tests were used to compare immune populations for flow
cytometry data. Treatments were compared to their control
(CSI vs Sham, CPA and GEM vs Control). For CSI
experiments, each time-point group was only compared to its
time-matched sham (late-stage/acute). Being an exploratory
study, P values are stated without multiplicity adjustments (27)
and significant differences were defined as P < 0.05 in flow
cytometry, IHC, and CIBERSORTx comparisons.
RESULTS

Myc/p53DD Tumor Growth Is Unaffected by
a Functional Adaptive Immune System
The majority of preclinical medulloblastoma mouse models
utilize immune-deficient strains and the role of the immune
system in medulloblastoma growth is poorly defined. To address
this, we took advantage of a murine model of Group 3
medulloblastoma that engrafts in C57Bl/6J mice following
intracranial implantation and compared tumor growth in
wildtype C57Bl/6J mice and C57Bl/6J mice deficient in Rag1.
Tumor-free survival of control mice (sham/isoflurane or control/
saline) was not different between WT and Rag1KO animals,
indicat ing that growth of this model of Group 3
medulloblastoma is not impacted by the presence or absence of
mature T and B cells (Figure 1). To determine the role of the
adaptive immune system in response to conventional first-line
therapies, medulloblastoma-bearing mice of either strain were
treated with CSI or two DNA-damaging chemotherapies used as
part of clinical care: CPA or GEM (28) (NCT01878617)
(Figure 1A). Compared to control groups, CSI prolonged
median survival similarly in WT mice (21 compared to 15
days; P<0.0001) and Rag1KO mice (22.5 compared to 17.5
days; P=0.03). Likewise, response of Myc/p53DD tumors to
chemotherapy was similar in WT and Rag1KO mice. CPA
prolonged median survival to 34 days in both WT mice
(P<0.001) and Rag1KO mice (P<0.0001); while GEM
prolonged median survival from 16 days to 34 days in WT
mice (P<0.0001) and from 15 to 35 days in Rag1KO mice
(P<0.0001). These results indicate that treatment-mediated
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tumor control is independent of T and B cells in this model of
medulloblastoma (Figures 1B–D).

Group 3 Medulloblastoma Growth
Stimulates Immune Cell Influx Into
the Brain
The finding that the adaptive immune system did not appear to
modulate response to therapy was surprising given previous
reports of increased CD8+ T cells in murine Group 3
medulloblastoma (29). Furthermore, it is unknown what
impact conventional medulloblastoma treatments have on
immune cells within the brain. To understand whether these
treatments were altering the immune populations in the whole
brain, mice harboring Myc/p53DD tumors were administered
treatment (or control) as described above, and the immune cells
present in brain tissue were assessed by flow cytometry when
mice required euthanasia due to tumor-related morbidity, using
the gating strategy defined in Figure 2.

In the absence of treatment, we observed thatmedulloblastoma
growth induced an overall influx of immune cells into the brain
(Figure 3). Brain-resident microglia in adult mice express lower
levels of CD45 compared to bone-marrow derived immune cells,
thus can be distinguished using flow cytometry (30, 31). The
addition of calibration beads enabled us to analyze absolute cell
numbers in the cell suspensions of the entire brain andweobserved
a significant increase in immune cell numbers (CD45+), both
CD45high and microglia (CD45int CD11b+) in the brains of
tumor-bearing WT mice compared to healthy age-matched
brains. Moreover, we observed increased counts of activated
microglia (CD45int CD11b+ MHC IIhigh) (32), classical dendritic
cells (cDCs) (CD45high CD11c+ MHC II+, CD11b+), NK cells
(CD45high NK1.1+), CD4+ T cells (CD45high CD3+ CD4+), and
CD8+ T cells (CD45high CD3+ CD8+), (Figure 3). CD8+ cDCs
accounted for a very small proportion of the immune cells, and
their counts are not shown.No significant changeswere detected in
neutrophil (CD45high Ly6G+), B cell (CD45high CD19+ B220+),
monocyte (CD45high CD11b+ F4/80+ FSClow) or macrophage
(CD45high CD11b+ F4/80+ FSChigh) numbers between normal
brains or brains harboring Myc/p53DD medulloblastomas.

To further demonstrate the changes in immune cell
populations caused by medulloblastoma growth in WT mouse
brain we compared the changes in immune cell populations
relative to each other by quantifying differences as a percentage
of all CD45+ cells. As a proportion of all CD45+ immune cells in
the brain, significant increases in cDCs, CD4+ T cells, CD8+ T
cells, and activated microglia were observed in tumor-bearing
brains compared to healthy brains. As a consequence of this
influx, the proportion of microglia relative to all immune cells
was decreased in tumor-bearing brains compared to healthy
brain (Supplementary Figure 3), although as described above,
microglial numbers were increased overall.

In Rag1KO mice, growth of Myc/p53DD medulloblastoma
also induced an increase in the absolute numbers of microglia in
the brain as well as an influx of bone marrow-derived immune
cells in the absence of treatment. In addition, we observed a
significant increase in CD11b+ cDCs, NK cells, neutrophils, and
monocytes (Supplementary Figure 4), reiterating the finding
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that even in mice lacking an adaptive immune system,
medulloblastoma growth induces influx of bone marrow-
derived immune cells to the brain. As observed in WT mice,
Myc/p53DD tumor growth significantly elevated the number of
activated microglia in Rag1KO brains.
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CSI Transiently Depletes Bone Marrow-
Derived Immune Populations in the Brain
Given this understanding of how the immune microenvironment
of brain is altered with medulloblastoma growth, we next
characterized the effects of clinical treatments on the
FIGURE 3 | Growth of Myc/p53DD medulloblastoma increases the numbers of infiltrating and resident immune cells in the brain. The immune cell populations from
healthy brains of C57Bl/6J WT mice (black circles, n=5) were determined using flow cytometry and compared with the brains of WT mice bearing Myc/p53DD tumors
(red circles, n=4). Beads were used and the entire sample was analyzed to determine the total number of the indicated cells in each sample. Tumor-containing brains
had significantly higher overall counts of immune cells (CD45+), both infiltrating (CD45high) and resident (microglia) compared to healthy brain. Moreover, an increase
in activated microglia (MHC IIhigh), CD4+ T cells, CD8+ T cells, NK cells, and CD11b+ cDCs was observed in Myc/p53DD tumor bearing brains. No significant change
in neutrophils, B cells, monocytes or macrophages was observed. Horizontal lines indicate the mean and error bars indicate SD. Comparisons shown to be
statistically significant by t test are shown (*P < 0.05; **P < 0.01; ***P < 0.001).
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immunology of medulloblastoma, starting with CSI. We
analyzed brains at two time points following CSI – 24 hours
after the final dose of radiation (acute), and at high tumor burden
when mice required euthanasia (late-stage) – to determine
transient and long-term impacts. In WT mice, CSI resulted in
a significant, but transient, reduction in infiltrating bone marrow
derived immune cells (CD45high). The proportion of CD4+ T
cells, CD8+ T cells, B cells, and CD11b+ cDCs in the brain were
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all observed to be significantly reduced 24 hours following
delivery of the last CSI fraction (Figure 4, squares). In
consequence, the proportion of microglia as a percentage of
the total immune milieu was significantly higher in CSI treated
mice compared to sham treated mice at this time point (Figure 4,
squares). Proportions of monocytes and macrophages were
unchanged with treatment (Supplementary Figure 5). In
contrast, when we examined acute CSI-induced changes in the
FIGURE 4 | Radiotherapy and chemotherapy alter the immune microenvironment in the brains of C57Bl/6J WT mice with Myc/p53DD medulloblastoma. Immune cell
populations (shown as a percentage of all CD45+ cells) in WT brains harboring medulloblastoma following a range of different treatments are shown. From left to
right, mice with Myc/p53DD medulloblastoma were treated with either sham (black squares, n=5) or CSI (pink squares, n=5) and harvested 24 hours after the tenth
dose (labeled “Acute”), sham (black circles, n=4) or CSI (pink circles, n=5) and harvested upon the development of tumor-related morbidity (labeled “Late stage”), or
after treatment with saline (“Ctrl”, black diamonds, n=7), CPA (green diamonds, n=5), or GEM (blue diamonds, n=5) and harvested upon the development of tumor-
related morbidity (also labeled “Late stage”). Fractionated CSI resulted in a temporary depletion of infiltrating CD45high immune cells. Specifically, B cells, CD4+ T
cells, CD8+ T cells, and CD11b+ cDCs were decreased (pink squares) and in consequence a proportional increase of microglia was observed, whereas this was not
observed at a later time point (pink circles). CPA reduced the abundance of B cells, CD4+ T cells, CD8+ T cells, and NK cells, while GEM only significantly depleted
neutrophils. Horizontal lines indicate the mean and error bars indicate SD. Each treatment group was compared to the appropriate treatment and time-point
matched control by t test, with statistically significant differences indicated (*P < 0.05; **P < 0.01; ***P < 0.001).
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brains of Rag1KO mice with Myc/p53DD medulloblastoma, only
a significant reduction of NK cells was observed 24 hours
following CSI (Supplementary Figure 6, squares). WT mouse
brains were also assessed upon the development of tumor-related
morbidity, which occurred 1-2 weeks following the cessation of
CSI. No differences in immune cell populations were detected in
CSI treated mice compared to time-matched controls at this late
stage (Figure 4, circles), indicating that immune population
changes induced by CSI in the brain were temporary. These
findings contrast recent reports of irradiation-mediated
enhanced immune cell infiltration in a model of SHH
medulloblastoma (33).

CPA Depletes Infiltrating CD45high Immune
Cells While GEM has Minimal Impacts on
the Immune Microenvironment
Chemotherapeutics, including first-line medulloblastoma drugs
CPA and GEM, can achieve an anti-tumor response directly via
DNA damaging activity, or indirectly via induction of an
immune response through immunogenic cell death,
stimulating immune effectors, or inhibiting immune
suppressors [reviewed in (34)]. Thus, we sought to characterize
the effects of these clinically used chemotherapies on the immune
cells within medulloblastoma bearing brains. Brains were
analyzed when tumor burden was high (“Late-stage”), which
was within 3-4 days of the last chemotherapy dose due to the
continual dosing protocol. WT mice treated with CPA had
significantly lower proportions of infiltrating immune cells in
the brain compared to controls. Proportions of CD4+ T cells,
CD8+ T cells, B cells, NK cells and activated microglia were all
significantly reduced in CPA treated mice (Figure 4, green
diamonds). It is known that CPA can cause leukopenia
[reviewed in (35)]. Consistent with this, significant decreases in
multiple immune cell populations were also observed in the
spleens of mice treated with CPA (Supplementary Figure 1). In
contrast, GEM treatment had minimal effects on the
immunology of WT mouse brain, resulting only in a
proportional reduction of neutrophils (Figure 4, blue diamonds).

Surprisingly, chemotherapy-induced immunodepletion was
not observed in the brains of Rag1KO mice. Instead, we observed
a significant increase in CD45high immune cells in Rag1KO mice
treated with either CPA or GEM (Supplementary Figure 6). The
increase of CD45high cells was higher in CPA treated mice, and
we observed a concomitant decrease in the proportion of
microglia in CPA treated Rag1KO brains.

Medulloblastoma-Infiltrating Myeloid Cells
Express Iba1 but Not the Microglial
Marker Tmem119
Not surprisingly, our results show that microglia dominate the
brain/medulloblastoma immunemicroenvironment; however, our
flow cytometry data did not indicate the spatial distribution of
these cells or define if they were interacting with medulloblastoma
cells, or instead if they were retained in normal brain. To
determine intratumoral distribution of resident (CD45int) and
infiltrating (CD45high) immune cells, we dissected out Myc/p53DD
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tumors from WT mice and assessed proportions of intratumor
immune cells with flow cytometry. We found that immune cells
account for only 1-2% of the cells within these tumors, and that a
majority (76.9 ± 3.88%) of the immune cells within the tumor
were CD45high (Figure 5A). However, it has been shown that
microglia may up-regulate CD45 under pathological conditions;
therefore, our approach of delineating microglia from tumor-
infiltrating macrophages on the basis of intermediate versus high
CD45 expression may be insufficient (36, 37). To characterize and
further delineate the location of resident microglia and infiltrating
peripheral myeloid cells in the brain and within Myc/p53DD

medulloblastomas, we performed IHC for two myeloid cell
markers, Iba1 and Tmem119. Cells staining positively for Iba1,
which is a marker of both bone marrow derived macrophages and
microglia (38), were observed throughout the brain parenchyma
and tumors. The morphology of cells stained with Iba1 varied
from ramified in the normal brain, which typifies the resting state
of microglia, to a more ameboid state, which typifies the active
state, for cells located at the tumor periphery and within
medulloblastomas (Figures 5B, C). Cells staining positively for
the marker Tmem119, reported to be a specific marker of
microglia (39), were observed throughout the normal brain
displaying ramified morphology. Tmem119 also stained cells
around the tumor edge and these cells displayed more ameboid
morphology. However, IHC staining for Tmem119 was
completely absent within the tumors suggesting these cells were
not microglia (Figures 5B, C), although this is inconsistent with
our flow cytometry findings which indicated that at least 23% of
intratumoral immune cells should be microglia based on their
lower expression of CD45 (CD45int, Figure 5A). Together, our
findings suggest that either bone-marrow derived immune cells
comprise the majority of the intratumoral immune cells and that
microglia do not penetrate the tumor, or, given reports of
microglia upregulating CD45 in pathological conditions (36, 37),
that microglia downregulate Tmem119 and upregulate CD45 in
response to medulloblastoma.

Immunological Signatures in
Medulloblastoma Are Poorly Interpretable
Using Bulk RNA Sequencing
To understand what was driving the immunological changes
we observed following the administration of first line
medulloblastoma treatments, and due to the inability to clearly
delineate microglia from macrophages or monocytes through
flow cytometry or IHC, we employed bulk RNA sequencing on
medulloblastomas following control, sham, CSI, CPA, or GEM
treatment. RNA sequencing was carried out on late-stage tumors,
as tumors were too small to be isolated at earlier stages. As such,
CSI treated samples were harvested 1-2 weeks after treatment
cessation, while chemotherapy-treated tumors were harvested
within 48-72 hours of drug administration. For scientific rigor,
CSI treated mice were compared to sham controls, while
chemotherapy-treated mice were compared to saline controls.
Principal component analysis plots were used to visualize and
identify whether samples clustered by treatment across both
mouse strains (Figure 6A). Samples treated with CSI or sham did
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not cluster according to treatment or genetic background. For
chemotherapy treated mice, Rag1KO samples clustered by
treatment (Ctrl, CPA, GEM), whilst in WT mice, GEM
clustered separately to CPA and Ctrl samples, which overlapped.

Through differential gene expression analysis, we identified
210 differentially expressed genes (DEGs) in WT CSI treated
mice compared to sham (132 upregulated genes, 78
downregulated genes), while no significant changes in gene
expression were observed in CSI treated Rag1KO samples
compared to sham (Figure 6B, left). In WT mice, there were
no DEGs in response to CPA treatment, whilst in Rag1KO CPA
treated mice there were 3440 DEGs compared to Ctrl (2334 up,
1106 down). GEM treatment in WT mice induced 403 DEGs
(245 up, 158 down) and 1857 DEGs in Rag1KO (934 up, 923
down) compared to Ctrl (Figure 6B).
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We applied CIBERSORTx to determine the abundance of
immune cell types within the bulk sequenced data and to clarify
if these were altered following treatment. Immune signatures
were very low, and only microglia, border associated
macrophages (BAMs), and monocyte signatures were detected
(Figures 6C, D), although these estimates were non-significant
(P>0.05). CSI did not appear to significantly alter immune cell
composition (Figure 6C). Despite the low signature values, when
the computed cell fractions were compared from Rag1KO mice
treated with CPA or GEM, microglia were decreased compared
to control mice (P=2x10-4 and P=2x10-5, respectively), consistent
with our flow cytometry findings (Supplementary Figure 6), and
BAMs were significantly elevated (P=0.04 and P=1.8x10-5,
respectively) (Figure 6D); no significant differences were
observed in WT mice. Ultimately, immune cell composition
BA
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FIGURE 5 | Immune cell populations within Myc/p53DD tumors in WT mouse brain highly express CD45 and do not express Tmem119. (A) Myc/p53DD

medulloblastomas (n=8) were dissected away from normal C57Bl6/J WT brain and cells were analyzed by flow cytometry for CD45int (black circles) or CD45high

immune cells (purple triangles). Horizontal lines indicate the mean and error bars indicate SD. Comparison by paired t test is shown (****P < 0.0001) demonstrating
that CD45high immune cells account for the majority of intratumoral immune cells within Myc/p53DD tumors. (B) WT mouse brain implanted with Myc/p53DD

medulloblastoma were examined using IHC for Iba1 and Tmem119. Representative low (black border) and high (red border) magnification images of Iba1 (top) or
Tmem119 (bottom) expressing cells demonstrate a resting or ramified appearance in the normal brain (left), but have an activated or ameboid appearance around the
edge of medulloblastomas (middle, N indicates normal brain and T indicates tumor), characterized by an increase and thickening of membrane projections. Within
tumors (right), Iba1+ cells appear phagocytic, while Tmem119 staining is absent. Nuclei have been counterstained with hematoxylin and the scale bar on each image
indicates 10 µm. (C) Quantitation of Iba1 or Tmem119 expressing cells from the brain regions indicated. Each symbol represents an individual mouse, horizontal lines
indicate the mean and error bars indicate SD. Each area was compared using t test, with statistically significant differences indicated (*P < 0.05; **P < 0.01).
March 2022 | Volume 13 | Article 837013

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Abbas et al. Medulloblastoma Therapies Deplete Brain Lymphocytes
could not be accurately quantified by deconvoluting our bulk
RNA sequencing data likely due to the low abundance of
immune cells relative to tumor cells in Myc/p53DD tumors.

Pathway analysis also showed very few differentially
expressed genes were associated with the immune system,
owing to most genes being from tumor cells rather than from
immune cells. Activated pathways in medulloblastomas in WT
mice treated with CSI were associated with muscle contraction
(P=3.70x10-5) and myogenesis (P=0.0143), whilst inhibited
pathways were related to the neuronal system/ion channels
(P=2.32x10-4). While there were no DEGs identified in CPA-
treated medulloblastomas from WT mice, activated pathways in
CPA-treated medulloblastomas from Rag1KO mice related to
the neuronal system/ion channels (e.g. voltage ion channels,
GABA receptors; P=1.94x10-46), signaling by GPCRs
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(P=7.26x10-7), MAPK signaling pathway (P=1.62x10-5), axon
guidance (P=4.01x10-5), and hemostasis (P=3.6x10-4).
Downregulated pathways were associated with ribosomal
translation/gene expression (P=5.12x10-13), collagen
biosynthesis/degradation & extracellular matrix (P<2.20x10-8)
and cell cycle/proliferation (P=1.73x10-7). In response to GEM
treatment, common activated pathways in both WT and
Rag1KO mice were associated with metabolism (P<7.76x10-5),
whilst ribosomal translation was unique to WT mice, and
Hedgehog (P=0.0242), PPAR (P=0.0277) and interleukin
signaling pathways (P=0.0281) were only activated in Rag1KO.
Common downregulated pathways were associated with
hemostasis (P<0.0229) and axon guidance (P<2.82x10-4);
unique pathways in WT were linoleic acid metabolic
(P=3.02x10-4) and p53 signaling (p=0.0449); inhibited
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FIGURE 6 | Radiotherapy and chemotherapy induce distinctly different gene expression changes in Group 3 medulloblastoma in immune-competent versus
immune-deficient mice. RNA sequencing was performed on Myc/p53DD medulloblastomas from either C57Bl/6J WT mice (circles) or C57Bl/6J Rag1KO mice
(triangles) that were harvested upon the development of tumor-related morbidity following treatment with sham, CSI, saline, CPA, or GEM. (A) Principal component
analysis plots showing sham treated tumors (black) compared with CSI treated tumors (pink, upper panel), or saline treated tumors (Ctrl, black) compared with CPA
(green) or GEM (blue) treated tumors (lower panel). (B) Volcano plots showing DEGs identified using EdgeR in response to CSI, CPA, and GEM treatment in tumors
from WT or Rag1KO mice compared to their respective controls (red = upregulated, blue = downregulated) for the six comparisons indicated. The number of
significantly differentially expressed genes is shown in each plot. (C) Immune cell fractions in WT and (D) Rag1KO tumor tissue were estimated using CIBERSORTx.
Color scale indicates the predicted fraction of the indicated immune cells deconvoluted from bulk tumor transcriptome data. CSI did not significantly alter predicted
immune fractions in either strain, nor did chemotherapy in WT tumors. Despite non-significant deconvolution, a reduction in microglial signatures was observed in
Rag1KO mice following treatment with either CPA (P=2.0x10-4) or GEM (P=2.0x10-5) compared to control, with an increase in transcripts associated with border
associated macrophages (BAMs) (P=0.04 and P=1.8x10-5 respectively). Number of mice in each group were: WT/Sham = 8, WT/CSI = 5, Rag1KO/Sham = 6,
Rag1KO/CSI = 5, WT/Ctrl = 4, WT/CPA = 3, WT/GEM = 3, Rag1KO/Ctrl = 4, Rag1KO/CPA = 3, Rag1KO/GEM = 3.
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pathways in Rag1KO mice only were developmental biology
(P=1.70x10-5), MAPK signaling (P=0.00499), neuronal system
(P=0.0277), cell cycle/proliferation (P=0.0262) and WNT
signaling (P=0.0439).

Upstream regulator analysis was performed to identify
putative drivers of the differentially expressed genes
(Supplementary Figure 7). Overall, as expected given the
above findings, the data showed limited immune system
drivers and an array of activated chemical signatures,
particularly in chemotherapy treated Rag1KO mice. In WT
mice, the CSI response was driven by growth factor signaling
(e.g. EGF, NRG1, ERBB3) and pro-inflammatory regulators
(STAT3, PTGS2). In WT mice, GEM responses are driven by
metabolic regulators (primarily lipid metabolism), while in
Rag1KO mice, CPA and GEM responses are driven by
chemical drivers, and cancer associated drivers were inhibited
(MYC, SOX4, MYB).
DISCUSSION

Medulloblastoma is one of the most prevalent pediatric cancers.
While 5-year survival rates are approximately 70%, particular
genetic features are associated with worse prognosis and current
clinical approaches require innovative rethinking to identify
ways to improve outcomes for those patients. Immunotherapy
has recently become a major focus of novel therapy development
and there are multiple clinical trials that aim to increase immune
cell recognition of medulloblastoma, including oncolytic viral
therapy, cancer vaccines and immune checkpoint blockade
[reviewed in (40)]. To develop future immunotherapy clinical
trials for medulloblastoma that have a strong chance of improved
efficacy with reduced adverse effects, a deeper understanding of
the interactions between medulloblastoma and either brain
resident immune cells or infiltrating immune cells is crucial.

While patient derived xenograft models provide insight into
the genetic and molecular basis of medulloblastoma and are
valuable in the investigation of molecularly targeted therapies,
they do not allow for the study of the whole immune system due
to their use of immunocompromised hosts. Ideally, preclinical
models for testing novel immunotherapies must recapitulate
orthotopic medulloblastoma as well as the immune
microenvironment. Immune competent preclinical models are
therefore required to complement patient-derived xenograft
models in a robust and comprehensive preclinical drug testing
pipeline. Here we used an immune-competent murine model of
Myc-amplified Group 3 medulloblastoma to investigate changes
in intracerebral immune cell populations induced by tumor
growth, and for the first time describe the impact of several
first line medulloblastoma therapies on the immune
microenvironment. Moreover, we repeated this work in Rag1
knockout mice lacking T and B cells to elucidate the role of
adaptive immune cells in treatment response.

Our data show that adaptive immune cells account for a small
proportion of immune cells in the brains of mice harboring Myc/
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p53DD tumors. T cells account for between 10-15% of the
immune population in Myc/p53DD bearing brain, and B cells
account for between 2-6% of the immune populations. Using
Rag1 deficient mice, we found that the adaptive immune system
does not play a significant role in Myc/p53DD tumor engraftment
or growth, nor in treatment-mediated tumor control.
Furthermore, both CSI and CPA were found to significantly
deplete T cells in the brain. This, combined with the fact that
lymphocytes are rare in human Group 3 medulloblastoma (41)
and medulloblastoma patients have demonstrated low to
undetectable levels of PD-L1 and PD-1 (42–44), suggests that
T cell targeted antibody therapies, such as anti-PD-1, are unlikely
to succeed in combination with radiotherapy or chemotherapy
in medulloblastoma.

On the other hand, microglia dominate the immune milieu of
the tumor bearing brain, accounting for between 50-65% of all
immune cells. Further, we show that following either radiotherapy
or chemotherapy, microglia remain the most abundant immune
cell in the brain and thus present as a favorable target for
immunotherapy in Group 3 medulloblastoma in combination
with frontline therapies. Indeed, recent preclinical data has
excitingly shown that treatments targeting myeloid cell immune
checkpoints, such as the CD47-SIRPa axis, are highly effective in
mouse models of medulloblastoma and other childhood brain
cancers (45). Furthermore, it has been suggested that radiotherapy
may synergize with monoclonal antibody therapies, on the basis
that radiation enhances the visibility of medulloblastoma to the
immune system [reviewed in (40)]. Recently, it has been shown
that a single 10 Gy dose of radiation can induce an increase in
tumor associated macrophages in SHH medulloblastoma (33),
however, in our study using a clinically-relevant fractionated CSI
protocol did not result in an increase in absolute counts of
microglia nor macrophage at either acute or late-stage time
points, and no increase in Iba1+ staining was observed in late-
stage tumors after CSI (Supplementary Figure 8). For laboratory-
based experiments to accurately inform new clinical trials in
medulloblastoma, future work should aim to characterize the
immune response to fractionated versus unfractionated
radiotherapy doses across different medulloblastoma subtypes to
better understand the optimal preclinical radiotherapy methods
to apply.

In contrast to the effects of fractionated CSI, we found that
CPA treatment reduced the proportions of MHC II+ microglia in
mouse brain, suggesting this chemotherapy suppresses
microglial function. We also examined the effects of GEM on
immune cell populations in medulloblastoma, as this drug is
currently being investigated as a first-line chemotherapy in
Group 3 and Group 4 medulloblastoma (NCT01878617). The
only cell population in the brain observed to be affected by GEM
were neutrophils which were decreased following treatment. This
was unexpected, as in previous cancer studies, GEM selectively
depleted myeloid cells and B cells, in both a tumor
microenvironment and in lymphoid organs (46, 47), and we
observed depletion of T and B cells in the spleen of GEM treated
WT mice (Supplementary Figure 1). Importantly, exposure to
GEM can also increase tumor antigenicity through upregulation
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of MHC-I (48), inhibition of tumor-associated macrophages, and
improving antigen cross-presentation (49, 50) to aid in immune
stimulation and tumor elimination. Our data did not indicate
that GEM treatment had these same effects in medulloblastoma,
although given these previous studies, additional experiments to
better delineate the effects of GEM on medulloblastoma-
associated macrophages would be valuable.

Limitations of this study include the techniques and cellular
markers used to identify immune populations from brains of
mice with medulloblastoma. Flow cytometry is unable to
determine the spatial interactions of microglia and infiltrating
macrophages within murine medulloblastoma, and importantly
our data suggest that the marker Tmem119, often used to
distinguish microglia from macrophages, may be an unreliable
cellular marker in this context. Using IHC, we observed an
abundance of Iba1+ cells throughout medulloblastomas and an
absence of Tmem119+ cells, suggesting intratumoral Iba1+ cells
were not microglia. However, the absence of intratumoral
Tmem119 staining is not consistent with our findings that
23.1% of intratumoral immune cells were CD45int, and
presumed microglia. Given previous reports have shown
microglia can upregulate CD45 expression in pathological
conditions (36, 37), we hypothesize that bone marrow-derived
macrophages do not account for the entirety of tumor-infiltrative
Iba1+ Tmem119- cells observed, and that microglia may
downregulate Tmem119 as they enter medulloblastomas,
suggesting a transition of these cells into a more macrophage-
like state. While there are a number of methods that can clarify if
these cells are activated microglia, such as MHC Class II, Sca-1
(51) or CD68 (52), these markers are also expressed on other
myeloid cells, and would need to be assessed in combination with
a microglia specific marker such as Sall1 (53).

Microglia and infiltrating macrophages are complex and
dynamic in the context of cancer, and they cannot be easily
delineated by simple markers. Indeed, recent single cell
transcriptomics analysis of human samples revealed that an
unexpectedly diverse spectrum of myeloid populations
infiltrate medulloblastoma (41). Here, we set out to use
transcriptomics to further characterize immune responses to
treatment. However, we found that bulk RNA sequencing
lacked sensitivity to probe the immunology of these tumors,
largely due to the low abundance of intratumoral immune cells
within this model of medulloblastoma. As a result, cell fractions
were not significantly deconvoluted by CIBERSORTx and
downstream comparisons of cell abundances should be carried
out with caution. Our RNAseq data suggests that chemotherapy
may alter the ratio of myeloid subsets (specifically microglia and
BAMs) within the brain, but this requires additional
experimental validation, particularly given the flow cytometry
markers used here were not able to discriminate between these
two cell types. Further examination using makers such as CD206,
Siglec-H and CD38 that are expressed on BAMs and not
microglia (51), as well as using histological techniques to
define the locations of the chemotherapy-affected cells will be
important to more accurately define the impacts of
chemotherapy on the brain immune microenvironment
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especially given that the vasculature in the border regions
would have different barrier properties compared to the
blood-brain barrier of the parenchyma. Future work aimed at
better understanding the immune cell dynamics within
medulloblastomas may also consider first enriching for CD45+

cells prior to bulk RNA sequencing or employing single cell
sequencing or single cell proteomics technologies to detect
immune signatures in medulloblastoma tissue, though these
methods are accompanied with the caveat of tissue processing
induced artefacts [reviewed in (54)]. Our sequencing data was
limited by small sample sizes in this exploratory study and, in the
case of CSI-treated tumors, by the choice to sample later time
points when tumors were larger, but possibly too late after
treatment cessation to detect gene expression differences.
Further, this study is limited by the intracranial implantation
procedure disrupting the skull and meninges, which may
mediate peripheral immune influx by promoting an
inflammatory response and disrupting the blood brain barrier.
Though we have found that the intracranial implantation
procedure does not detectably change immune populations in
the brain of non-tumor bearing animals (data not shown),
genetically engineered spontaneous models of Group 3
medulloblastoma with an intact blood-brain barrier would
improve the study of the tumor-immune microenvironment.

The study of the immune infiltrate within medulloblastoma
is critical not only for the implementation of optimal
radiotherapy and chemotherapy protocols, but very relevant to
immunotherapy, a therapeutic modality with increasing use in
oncology. Immunotherapies are not standard in the treatment of
medulloblastoma, and clinical trials investigating the use of T-
cell targeting immunotherapies have proven unsuccessful to date
(40). This lack of success is likely a consequence of the immune
microenvironment in pediatric brain tumors being very different
from that of adult solid tumors in which immune-based
therapies have proven successful. Overall, the most consistently
abundant immune cell within this model of Group 3
medulloblastoma following radiotherapy or chemotherapy
are myeloid cells, which we speculate are a mixture of both
brain-resident and bone marrow-derived cells. Should
myeloid cell-targeting therapies continue to be developed for
medulloblastoma, future work should assess the impacts of
radiotherapy and chemotherapy on microglial and macrophage
activation and function, to dissect out mechanisms of treatment-
induced changes and how this might impact the efficacy of
immunotherapies. Building upon our study will be important
to address this issue and will facilitate the rational selection of
optimal immunotherapeutics for future medulloblastoma
clinical trials.
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The prognosis of pediatric central nervous system (CNS) malignancies remains dismal due
to limited treatment options, resulting in high mortality rates and long-term morbidities.
Immunotherapies, including checkpoint inhibition, cancer vaccines, engineered T cell
therapies, and oncolytic viruses, have promising results in some hematological and
solid malignancies, and are being investigated in clinical trials for various high-grade
CNS malignancies. However, the role of the tumor immune microenvironment (TIME)
in CNS malignancies is mostly unknown for pediatric cases. In order to successfully
implement immunotherapies and to eventually predict which patients would benefit from
such treatments, in-depth characterization of the TIME at diagnosis and throughout
treatment is essential. In this review, we provide an overview of techniques for immune
profiling of CNS malignancies, and detail how they can be utilized for different tissue types
and studies. These techniques include immunohistochemistry and flow cytometry for
quantifying and phenotyping the infiltrating immune cells, bulk and single-cell
transcriptomics for describing the implicated immunological pathways, as well as
functional assays. Finally, we aim to describe the potential benefits of evaluating other
compartments of the immune system implicated by cancer therapies, such as
cerebrospinal fluid and blood, and how such liquid biopsies are informative when
designing immune monitoring studies. Understanding and uniformly evaluating the
TIME and immune landscape of pediatric CNS malignancies will be essential to
eventually integrate immunotherapy into clinical practice.

Keywords: tumor immune microenvironment, immunotherapy, immune monitoring, central nervous system
malignancy, immunohistochemistry, flow cytometry, transcriptomics
INTRODUCTION

Central nervous system (CNS) malignancies are the leading cause of cancer-related death in
children. Extensive molecular profiling has resulted in a better understanding and further
subclassification of many pediatric CNS tumors (1). So far, these significant advances are not
reflected in clinical benefit for the patients, and the prognosis remains dismal for most of the
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subtypes. Five-year survival rates for children range from 2% for
diffuse midline glioma, 20% for glioblastoma, to 75% for
medulloblastoma and ependymoma (2, 3).

Current treatment of children with CNS malignancies is
facing a lot of challenges. The diffuse infiltration of some high-
grade malignancies into critical neural circuits only permits
partial resection or biopsy (4, 5). Depending on diagnosis and
age of the patient, either craniospinal or local radiotherapy is
added to optimize survival and reduce the risk of (local)
recurrence (6). However, radiation can predispose patients to
hearing, endocrine, and neuro-cognitive dysfunction (7). Despite
the fact that the blood–brain barrier restricts the bioavailability
of most of the currently available anti-neoplastic medication,
chemotherapy can improve survival. This holds true for the
embryonal tumors in particular, though tumors from glial origin
tend to be more intrinsically resistant (8). Alternative therapeutic
approaches such as molecular-targeted therapies, in particular
MEK, BRAF, and tyrosine kinase inhibitors, have manifested
improved outcomes in pediatric low-grade and infantile
hemispheric gliomas (9). In summary, these highly aggressive
and heterogeneous malignancies require an arsenal of agents to
achieve meaningful clinical improvement albeit at the cost of
significant long-term morbidity. It is clear that conventional
treatments fall short, stressing the urge to explore alternative
therapeutic modalities.

The field of immunotherapy is a promising area to investigate in
the field of pediatric CNS malignancies given its previous success in
other solid tumors and superior safety-profile (10–14).
Immunomodulating approaches that are currently under
investigation comprise vaccination therapy, oncolytic viruses,
immune checkpoint inhibition, and CAR T cell therapy. However,
there are many hurdles to overcome when applying immunotherapy.

Pediatric CNS malignancies generally exhibit an
immunologically “cold” phenotype, lacking infiltrating T and
natural killer (NK) cells (15–17). The pathophysiology behind
the absence of T cell infiltration has not been fully elucidated.
However, the low tumor mutational burden, deficiencies in
antigen presentation on cells, and T cell homing to the tumor
bed potentially play an important role (18). Additionally, tumor-
associated microglia and macrophages (TAMs), cells of the
innate immune system, are the most abundant immune cell
type in the tumor immune microenvironment (TIME). In
healthy control brain tissue biopsies, microglia are the
dominant myeloid-derived cell type in the brain. During
disease, microglia are activated, and bone marrow-derived
macrophages are recruited to the tumor site, where they
polarize towards different activation states ranging from
classically activated (M1) to alternatively activated (M2)
phenotypes (19–21). They can secrete inhibitory cytokines
(such as TGF-B and IL-10) promoting immunosuppression
and malignant proliferation (22, 23). Macrophages can also
secrete endothelial growth factors that stimulate angiogenesis,
thus advancing tumor growth and metastatic invasion into
surrounding tissues (24).

Cells of the TIME interact with the tumor through paracrine
signaling, which can stimulate tumor progression and enable
Frontiers in Immunology | www.frontiersin.org 278
immune escape. Moreover, in other solid tumor types, different
components of the TIME may function as a predictive marker of
response to immunotherapy (25); therefore, characterizing the
TIME, as well as other immune compartments [e.g., blood,
cerebral spinal fluid (CSF), and bone marrow], is necessary for
evaluating current immunotherapies and clinical implementation.
Comprehensive immune monitoring programs are needed for a
better understanding of the TIME, but also to find surrogate
markers in blood that can be helpful in designing future
immunotherapies. Currently, literature about this association
is lacking.

In this review, we provide an overview of different cellular
and molecular profiling techniques for a multidimensional
characterization of the immunophenotypes in pediatric CNS
malignancies. We focus on immunohistochemistry (IHC), flow hen
implemented simultaneously, these techniques characterize and
quantify the immune cells in the microenvironment and provide
detailed information into immune-status and function (Figure 1).
We aim to discuss the advantages and pitfalls of these technologies to
study the immune landscape at time of diagnosis and throughout
therapy. Understanding the subtype-specific inflammatory milieu of
pediatric CNS malignancies will advance our knowledge when
evaluating current immunotherapies, designing new treatments,
and predicting the clinical responses of patients, ultimately laying
groundwork for a more personalized and safe treatment design.
IMMUNOHISTOCHEMISTRY

Introduction to Immunohistochemistry
IHC is an essential method for detecting, quantifying, and
localizing a specified protein in tissue with antibody–antigen
interactions. Since its introduction in the 1970s, the clinical
diagnostics field rapidly advanced wherein pathologists can
better classify tumors based on their expression of lineage-
specific markers (glial tumors selectively expressing GFAP),
oncogenic somatic mutations (oligodendrogliomas express
IDH1 R132H mutation), and epigenetic modifications (diffuse
midline gliomas show H3K27me3 loss) (26, 27).

IHC is performed on formalin-fixed paraffin-embedded (FFPE)
tumor slides, which allows for a retrospective analysis of preserved
tissue. Antibodies are used in conjunction with a coloring dye to
visualize and detect the antigen of interest on the tissue section. In
the clinical diagnostics setting, automated IHC machines have
standardized this process, which improved reproducibility and
reduced experimental biases. Both intensity and location of the
stained marker can be interpreted, which is usually done by manual
scoring; however, sophisticated programs and algorithms for
automatic quantification are available nowadays, which reduce
interpretation biases. We refer to Kim et al. who provided a
detailed overview of IHC for pathologists (28).

Characterizing the TIME of Pediatric CNS
Malignancies Using IHC
In addition to the valuable applications for cancer diagnostics,
IHC can provide details into the composition of the TIME.
April 2022 | Volume 13 | Article 864423
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Antibodies that target antigens found on infiltrating
lymphocytes, macrophages, and stromal cells are especially
useful for immunophenotyping pediatric CNS malignancies
(28). As IHC is an in situ technique, it can also describe the
spatial distribution of infiltrating immune cells in the TIME. An
overview of commonly used cell markers to dissect the TIME can
be found in Figure 2.

Multiple studies used IHC to characterize the TIME of
pediatric CNS malignancies, which shed unprecedented light
on the composition of the TIME and revealed tumor type-
specific immunophenotypes (17, 29, 30). The results
demonstrated that myeloid cells are major components of the
TIME of pediatric gliomas, encompassing infiltrating
macrophages, myeloid-derived suppressor cells (MDSCs), and
microglia, whereas there are few infiltrating lymphocytes (17, 29,
31). Analysis of the immune cell infiltration in pediatric gliomas
shows an enrichment of CD8+ T cells and CD45+ leukocytes in
low-grade compared to high-grade gliomas (17). In a similar
way, Lieberman et al. use IHC to study immune cell infiltration
in pediatric low-grade gliomas, high-grade gliomas, and diffuse
midline glioma tumor samples. While the percentage of tumor-
associated CD68+ macrophages is comparable across indications,
diffuse midline gliomas have the lowest number of infiltrating
CD8+ T cells and CD163+ macrophages, which contributes to its
immunosuppressive phenotype (29). Moreover, multiple studies
have described the subgroup-specific TIME composition of
medulloblastomas. The SHH subgroup are the most enriched
in CD163+ macrophages, suggesting different roles of tumor-
associated macrophages in medulloblastoma subgroups (32).
Comparing immune cell infiltration in the peritumoral area
Frontiers in Immunology | www.frontiersin.org 379
and tumor core of glioblastomas showed that CD163+ cells
were more abundant in the tumor core. Similarly, the
expression of the immunosuppressive markers PD-L1, IDO,
and TIGIT was higher in the tumor core (31).

Immune profiling using IHC can be predictive of prognoses
and help inform treatment strategy by detecting targets of
immune checkpoint therapies, such as PD-L1. Pediatric
ependymomas with higher infiltration of CD3+ and CD8+ T
cells in the microenvironment at diagnosis have a longer
progression-free survival (PFS), while elevated FOXP3
regulatory T cells and CD68+ macrophages correlate with a
shorter PFS. Patients in this cohort were treated according to
standard of care consisting of surgery only (59.5%), adjuvant
radiotherapy (32.8%), and chemotherapy (14.6%) (33). For
medulloblastoma, an increased infiltration of CD8+ T cells and
decreased PD-L1 expression are correlated to PFS (34); however,
the prognostic relevance between lymphocyte infiltration and
medulloblastoma survival has been disputed (35). Other studies
have quantified the presence of other checkpoint proteins, such
as B7-H3 and CD155, and found that they vary largely based on
cancer type (36–38). In summary, IHC is integral for
characterizing the TIME in a spatial context and patient-
specific manner.

Advances in Immunohistochemistry and
Spatial Proteomics
One of the major drawbacks of using IHC to characterize the
TIME is the limited number of antibodies that can be used on a
single tumor slide, which hampers evaluation of numerous
immune cell subsets on a single slide. This is even more relevant
FIGURE 1 | Multi-dimensional immunophenotyping of TIME from tumor tissue using IHC, flow cytometry, bulk- and scRNA-seq, and functional assays.
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when describing functionally active subsets of immune cells, or co-
localization of antigens on tumor or immune cells. Over the last
few years, more advanced techniques—such as multiplex IHC,
multiplex immunofluorescence, and spatial proteomics—have
been developed to study the complex spatial architecture of
tissues. These methods allow for simultaneous visualization of
multiple proteins, allowing to study the spatial distribution and co-
localization of immune cells in the TIME in much greater detail
(39, 40). Conceptually, multiplexed immunofluorescence is similar
to IHC, though each antibody is labeled with a fluorophore with a
unique excitation wavelength, which allows for multiple targets to
be visualized on one tumor slide. Interestingly, one study designed
Frontiers in Immunology | www.frontiersin.org 480
a panel of 18 antibodies to study the effect of oncolytic virus
therapy on the distribution and functional states of immune cells
in a pediatric patient with glioblastoma (41). They noticed a
significant increase of CD8+ T cells, macrophages and microglia
in post-treatment tissue compared to pre-treatment tissue.
Moreover, T cells expressed higher levels of CTLA-4 and PD-1
after treatment, suggesting a potential role of checkpoint
inhibition. However, multiplex immunofluorescence uses frozen
tissue slides that often have poorer morphology, making spatial
interpretation more difficult.

Therefore, current spatial profiling approaches are based on
antibodies linked to photocleavable oligonucleotide tags (such as
A

B

C

FIGURE 2 | (A) Cell-type markers for identification of immunological, tumor, and stromal cells in CNS malignancies. (B) Immunohistochemistry detects leukocytes in
tumor tissue, and can be used to stratify patient tumor tissue (as demonstrated in Murata et al.). *Cell surface expression may vary between tumor cells and
indications. (C) Example of flow cytometry gating strategy. More elaborate flow panels can be used for in-depth phenotyping of immune cells, providing information
on specific cell subsets and status (activation/anergic/suppressive).
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GeoMx® Protein Assays of NanoString), or use an agonistic
approach by detection of isotope-labeled antibodies with mass
spectrometry (42, 43). Other methods use a combination of
DNA-conjugated antibodies and multicyclic addition of
complementary fluorescently labeled DNA probes (44). A
significant advantage of spatial proteomics over other protein-
detection methods is the ability to spatially profile and quantify
the high-dimensional composition of the TIME with high
resolution; for example, CODEX can visualize up to 60
antigens on a single slide (44, 45). Using multiplex IHC and
spatial proteomics to study the TIME of pediatric CNS
malignancies could greatly enhance our understanding of the
spatial composition and interactions between cells in a high-
throughput manner using only a single tissue slide. To
summarize, IHC is considered a highly reliable and robust
method to detect protein expression and is often used to study
the TIME composition.
FLOW CYTOMETRY

Introduction to Flow Cytometry
Since its invention in the 1960s, flow cytometry has been widely
applied to characterize and quantify immune cells (46). Whereas
IHC provides information on in situ protein expression, flow
cytometry measures the expression of surface and intra-cellular
proteins at the single-cell resolution. Using panels of
fluorophore-conjugated antibodies directed against specific
proteins, distinct (sub)populations of cells can be characterized
and quantified based on their unique protein expression profiles.

Flow cytometry is used to profile various types of patient
materials, such as blood, bone marrow, cerebral spinal fluid, and
tissue samples once processed in a single-cell suspension. A
viable single-cell suspension can be obtained from solid tissue by
enzymatic digestion and/or mechanical dissociation (47–49). It is
important to select a tissue-dissociation method that retains cell
viability, as dead cells interfere with analysis due to their increased
autofluorescence and non-specific binding of antibodies (50). Dead
cells can be excluded from analysis by incorporating a specific live/
dead marker in the antibody panel (50–52).

Cell handling with either freeze–thawing cycles or a Ficoll
gradient to select mononuclear cells results in a loss of specific
cells, and therefore, it is essential to standardize methods when
initiating an immune monitoring program. Granulocytic cells
are generally lost upon a freeze–thaw cycle, whereas
mononuclear cells are more stable. Red blood cells are often
lysed as they may interfere with the fluorescence readout (53, 54).
With recent technical advances in flow cytometry, spectral flow
cytometers can now analyze over 40 different extra- and
intracellularly markers simultaneously.

Characterization of Immune Cells Using
Flow Cytometry
Based on the size and granularity, immune cells can be
distinguished from the generally larger non-immune cells and
tumor cells that are present in tumor material. Subsequently,
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cells can be further profiled based on the light emitted by the
different cell-bound fluorophores, showing a unique phenotype
for each single cell detected. An overview of the most relevant
cell-specific lineage markers to discriminate subsets of leukocytes
and tumor cells is given in Figure 2. CD45 is a general marker to
identify hematopoietic cells (except erythrocytes and plasma
cells). Cell-type-specific surface markers can be used for
further subtyping; for example, CD3 is a lineage marker for T
cells that can be further divided into CD4+ and CD8+ T cells,
while CD19 is a part of the B-cell receptor complex and thus
identifies B cells. The extensive multi-color options of flow
cytometry allow analyses of surface-expressed markers for
differentiation [naïve (effector), memory, etc.], activation [i.e.,
CD69 and CD137 (4-1BB)] and terminal differentiation/
exhaustion (e.g., CTLA-4 and PD-1), and intracellular markers
for proliferation (Ki67), production of effector molecules
(cytokines/granzymes), or transcription factors (e.g., FoxP3 to
define regulatory T cells). Intracellular staining requires fixation
to retain cell structure and prevent intracellular proteins from
diffusing out of the cells, followed by permeabilization to allow
antibodies to enter the cells (55). To analyze intracellular
cytokine production, cells require ex vivo stimulation with, for
instance, phorbol myristate acetate (PMA; a NF-kB activator)
and ionomycin for several hours, coinciding with Golgistop to
prevent cytokine secretion, prior to performing antibody staining
procedure. Detecting pro- or anti-inflammatory cytokines in the
cells then provides insight into the activity of individual cells in
the TIME. In conclusion, different combinations of both extra-
and intracellular stains are useful for in-depth characterization of
different subpopulations of cells present in TIME and periphery.

Applications of Flow Cytometry to
Pediatric CNS Malignancy Research
Though flow cytometry is not generally used for diagnosing CNS
malignancies, studies have used this technique to characterize the
abundance of immune cell infiltration across multiple pediatric
CNS malignancies. Griesinger et al. showed differences in
immune infiltration and the degree of immune suppression on
biopsy material, in patients diagnosed with pilocytic
astrocytoma, ependymoma, glioblastoma, and medulloblastoma
(56). Compared with glioblastoma and medulloblastoma,
pilocytic astrocytomas and ependymomas had significant
myeloid (characterized as CD45+CD11b+) and lymphocyte
infiltration. Infiltrating immune cells were shown to express
low levels of PD-1, which was suggested to represent a more
permissive TIME for immunotherapy. However, the authors did
not investigate any additional activation markers such as CD69
or CD137. Remarkably, PD-1 expression was significantly
decreased on CD4+ and CD8+ T cells in the TIME of all
indications, except glioblastoma. These data were later
confirmed by Plant et al. Additional flow cytometric analysis of
low- and high-grade glioma, atypical teratoid rhabdoid tumor,
and medulloblastoma demonstrated a trend towards increased
(activated) B-cell infiltration in high- versus low-grade gliomas.
Interestingly, flow analysis of peripheral blood showed low
absolute lymphocyte counts in both low- and high-grade
April 2022 | Volume 13 | Article 864423
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tumors, regardless of steroid treatment, which could indicate an
immunosuppressive effect induced by the tumor (17).

Importantly, we are beginning to appreciate how the
immunophenotype of pediatric CNS malignancies differs
significantly from that of adults. Flow cytometric analysis of
adult gliomas and brain metastases revealed that IDH mutation
status and tumor origin are important in shaping the TIME.
Compared to brain metastases, gliomas exhibited lower
lymphocyte counts, and higher composition of microglia- and
monocyte-derived infiltrating macrophages. Moreover,
glioblastomas with IDH-wt status exhibited more lymphocyte
and less macrophage infiltration compared to lower-grade IDH-
mut gliomas (57). This correlation between tumor grading and
lymphocyte infiltration has not been found in pediatric subtypes.
Moreover, flow cytometric analysis demonstrated that tumor
immune infiltrate in pediatric CNS malignancies does not
correlate with tumor grade, as seen in adults. Low-grade
gliomas have more lymphocyte and myeloid infiltration than
higher-grade brain tumors (17, 56). These findings highlight that
simply deducing results obtained from adult brain tumor
research may not necessarily lead to the design of effective
immunotherapies for children.

In addition to characterizing the TIME upon diagnosis, flow
cytometry is readily used in clinical care for monitoring health
and disease in various hematological indications. In hemato-
oncology, immune monitoring with flow cytometry is performed
on blood, CSF, or bone marrow to detect disease progression,
recurrence, and to survey systemic effects of therapeutics (58,
59). However, in the context of CNS malignancies, repetitive
tumor biopsies are uncommon. Studying more accessible
immune compartments of solid tumors (such as blood, CSF or
bone marrow) could provide valuable information on changes in
the immune landscape and functional dynamics in a patient,
which would otherwise be overlooked and may correlate to the
TIME. To this note, a study using a glioblastoma mouse model
showed evidence of glioblastoma-induced homing and
accumulation of T cells (both CD4+ and CD8+) in the bone
marrow. This T cell sequestration resulted in mice suffering from
peripheral blood lymphopenia, a symptom that is also observed
in patients diagnosed with glioblastoma (60). They also showed
that T cell sequestration is a result of location rather than tumor
origin, by introducing tumors of different histology in either
brain or flank of the mice. Interestingly, all intracranial tumors
induced T cell accumulation in the bone marrow regardless of
tumor type, which was not found for subcutaneous xenografts
(60). A flow cytometric and CyTOF study of adult glioblastoma
patients found that MDSCs, but not regulatory T cells, are
increased in the blood of glioblastoma patients compared to
other CNS tumor indications. Additionally, they showed that the
immune composition of blood changes during course of
treatment, with reduced B cells and increased CD8+ T cells,
dendritic cells, and MDSCs in the blood at 2 months after
surgery. Finally, they showed that MDSC levels correlate with
overall survival, indicating MDSCs as a possible target for
immunotherapy (61). These studies provide strong evidence
why investigation of other less invasive immune compartments
Frontiers in Immunology | www.frontiersin.org 682
is essential. Longitudinal flow cytometric analysis of these
compartments will not only provide information on disease
progression but could also be used as a tool in predicting
immune treatment responsiveness.
BULK TRANSCRIPTOMICS

Introduction to Bulk Transcriptomics
Gene expression profiling has become an indispensable tool in
translational cancer research. In oncology, expression of genes
provides valuable insights into the biological processes and
pathways that are regulated in a tumor. For CNS malignancies,
the transcriptome enables tumor subgrouping and is gaining
interest as a standard tool for detection of driver mutations (62–64).

Procedures for quantifying specific RNA transcripts were first
introduced with quantitative reverse transcription polymerase
chain reaction (qRT-PCR), which is a robust and highly
reproducible method to measure RNA expression (65). The
subsequent development of microarrays allowed for the
quantification of thousands of gene transcripts at the same time
(66). Microarrays are based on hybridization of fluorescently
labeled cDNA transcripts (obtained by reverse transcription of
RNA from tissue) to complementary DNA probes (67).
Nowadays, multiplex, fluorescence-based hybridization methods,
such as the NanoString nCounter® platform, are also frequently
used to study gene expression. These techniques are based on
direct detection of mRNA or miRNA from tissue and permit the
use of lower-quality RNA (68, 69). A particularly interesting panel
for studying the TIME is the nCounter® Pancancer Immune
Profiling Panel, which contains 770 genes associated with
immune functions and tumor-specific antigens, spanning 24
immune cell types (70). However, these platforms only permit
the quantification of a pre-defined panel of genes, and therefore
the discovery of novel biomarkers is limited.

High-throughput whole transcriptome RNA-seq (from here
on, referred to as “RNA-seq”) has largely replaced microarrays
for gene expression profiling in onco-immunology (71). The vast
amount of data that can be generated with RNA-seq from a
single tumor sample has revolutionized the oncology and clinical
research field (66, 72). This technique uses next-generation
sequenc ing technolog ies and al lows for unbiased
characterization of the complete transcriptome. Briefly, RNA is
isolated from fresh, frozen, or FFPE tumor tissue using
preparation kits, followed by ribosomal RNA depletion. Total
RNA (including mRNA, lncRNA, and miRNA) undergoes
reverse transcription to convert it to cDNA libraries, which are
subsequently fragmented, amplified by PCR, and sequenced (73).
The sequence reads are then aligned to a reference genome and
expression counts can be determined or other analyses can be
performed. In contrast to hybridization-based approaches, RNA-
seq can detect isoform and splice variants, and identify clinically
relevant gene fusions, which are common oncogenic drivers in
pediatric CNS malignancies, such as KIAA1549::BRAF in pilocytic
astrocytomas and C11orf95::RELA, primarily in supratentorial
ependymomas (64, 74, 75). Additionally, as prospective selection
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of genes is not required, the resulting expression profile is unbiased,
and discovery of novel biomarkers and transcripts is possible.

Applications of Bulk Transcriptomics to
CNS Malignancy and Immune-Oncology
Research
The most straightforward analysis of transcriptomic data is
comparing the expression of individual genes between samples
or diagnoses. For example, Lieberman et al. measured RNA
expression of chemokines, pro-inflammatory cytokines, and
immunosuppressive factors across pediatric gliomas and
normal brain tissue. Low-grade gliomas highly express CCL2-4,
high-grade gliomas express CCL5, while diffuse midline gliomas
have basal expression of all chemokines (29). These results are
consistent with previous studies that used IHC and flow
cytometry, which described the increased lymphocyte and
myeloid chemoattraction in pediatric low-grade gliomas (17,
56). Similarly, a signature, or panel of genes, can be created to
study the presence and activation state of specific immune cells.
These gene expression panels can incorporate functional
exhaustion markers or immune checkpoints (e.g., PD-L1,
CTLA-4, and LAG-3), to explore the possibility of targeting
those with immunotherapy in pediatric brain cancers. Several
tools have been developed [e.g., MCP-counter (76)] to compare
the abundance of immune cell populations, based on the
expression of immune-cell specific genes, between samples.

More sophisticated computational methods can be used to
robustly analyze RNA-seq datasets and derive biologically
meaningful results, such as targetable genes or pathways implicated
in cancers. Unsupervised clustering and dimensionality reduction are
useful for observing the inter-sample variability in the transcriptome.
Hierarchical and k-means clustering are popular methods for
identifying groups of samples with similar global gene expression
patterns (77). Dimensionality reduction, such as principal component
analysis or uniform manifold approximation, reduces the number of
features by transforming gene expression variables into a lower-
dimensional space. This retains meaningful properties of the original
high-dimensional dataset and can detect heterogeneity or
confounding variables among samples (78). Groups of samples
identified through these approaches can be clinically relevant, as
transcriptomes have been shown to correspond to anatomical
location [for pilocytic astrocytomas (79, 80)], diagnosis subgroups
[for medulloblastoma (81)], oncogenic drivers [H3K27 mutation
status for pediatric high-grade gliomas (82)], and survival [adult
and pediatric high-grade gliomas (83)].

Methods such as differential gene expression and gene-set
enrichment analysis provide a deeper perspective on the
implicated genes and biological pathways, respectively
(Figure 3). Differential gene expression analysis identifies
quantitative differences in gene expression between two or
more predefined groups; frequently used algorithms are
DESeq2 (84) and edgeR (85). Differentially expressed genes can
serve as diagnostic or prognostic biomarkers (83, 86). The next
step is usually to translate the findings from differential gene
expression analysis into pathways or gene sets to further
denominate the biological processes involved. Functional
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enrichment analysis is useful for quantifying the expression of
gene sets within groups of samples (87). There are multiple
databases of gene sets, including Kyoto Encyclopedia of Genes
and Genomes (88) and Molecular Signatures Database (89). In
the context of immune-oncology, enrichment analysis has the
potential to quantify the expression of inflammatory,
cytotoxicity, or angiogenesis-related pathways. High-grade
gliomas driven by alterations in MAPK pathway showed
enrichment of immune-response pathways, including elevated
M2-macrophage and CD8+ T cell signatures, compared to non-
MAPK altered gliomas (90). Furthermore, gene-set analysis
resolved medulloblastoma subgroup-specific TIME differences.
Bockmayr et al. found that tumors of the SHH subgroup highly
expressed genes related in fibroblasts, macrophages, and T cells
compared with other subgroups (91).

While RNA-seq on whole tumor samples can give a broad
overview of immune cell status, it is impossible to quantify
changes in the individual components and cell populations of
the TIME. Studies have integrated the isolation and sorting of
immune cells by FACS with RNA-seq, to study transcriptional
programs in cell populations. In this way, Lin et al. compared
expression profiles of tumor-associated macrophages, by selecting
CD11b+/CD45+ cells, of adult glioblastomas and pediatric diffuse
midline gliomas. They observed a notably different gene
expression profile, in which diffuse midline glioma-associated
macrophages expressed lower levels of inflammatory genes (e.g.,
IL6 and CCL4) compared to glioblastoma-associated macrophages
(92). In another study, macrophages and microglia from adult
IDH-wt and IDH-mut glioma showed a disease-specific
enrichment of inflammatory pathways: IDH-wt macrophages
were enriched in gene sets associated with antigen presentation,
and MHC I and II presentation (57). Mononuclear immune cells
can also be isolated from the blood or CSF for transcriptomic
profiling to define genes and gene sets implicated in various
immune cells (93).

Furthermore, miRNA and lncRNA levels can also be measured
with RNA-seq. The importance of non-coding RNA types in
development and progression of cancer is gaining attention, both
as biomarkers and as potential therapeutic targets (94). By
integrating RNA-seq and miRNA expression profiling on
glioblastoma tissue, Yeh et al. found that miR-138 is
downregulated in glioblastomas. Subsequent in vitro experiments
demonstrated that miR-138 downregulates CD44 expression (95).
Other studies have also shown the differential expression of
miRNAs or lncRNAs in brain cancers (96). While measuring
miRNA and lncRNA levels with RNA-seq is still in its infancy,
further studies should delineate the critical roles these RNAs play in
oncogenesis and how they could be optimally targeted.

Finally, RNA-seq can further be integrated with whole-exome
DNA sequencing to discover tumor-specific neoantigens. These
neoantigens can be targets for tumor vaccines (97, 98). Although
pediatric CNS malignancies are believed to have a low mutational
burden, and therefore, a lack of targetable neoantigen expression,
deep exome and transcriptome sequencing can still predict the
presence of neoantigens (99, 100). For example, Rivero-Hinojosa
et al. employed a multi-omics approach to detect immunogenic
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tumor-specific neoantigens in pediatric medulloblastomas (101).
Another study detected neo-antigens in paired primary and
recurrent adult glioma samples. While there was no significant
difference in the amount of neoantigens between primary and
recurrent samples, the expression of neoantigens was reduced at
recurrence, which indicates that gliomas downregulate expression
of neoantigens to evade immune recognition (102). Two phase I
trials of adult glioblastoma patients have already demonstrated
that personalized neo-antigen vaccines can elicit neoantigen-
specific CD4+ and CD8+ T cell responses (103, 104). These
findings highlight the potential of neo-antigen discovery and
monitoring, which paves the way towards personalized immune
cell therapy.
SINGLE-CELL TRANSCRIPTOMICS

Introduction to Single-Cell RNA Sequencing
Whereas bulk RNA-seq averages the expression of all cells in a
sample, the unique advantage of scRNA-seq is the ability to
profile the transcriptome of thousands of individual cells. This
technique has proven advantageous to characterize the
Frontiers in Immunology | www.frontiersin.org 884
expression programs and cell states of neoplastic and
microenvironmental cells in primary and recurrent CNS
malignancies (105, 106). Moreover, scRNA-seq profiling has been
performed on CSF and blood to monitor the dynamic changes of
leukocytes and myeloid cells during treatment (107, 108).

It is important to consider the technical and methodological
challenges when designing scRNA-seq studies. First, during
sample preparation, single cells must be isolated and lysed
separately before sequencing, similar to flow cytometry. Tissue
dissociation by enzymatic digestion can result in the loss of rare
and vulnerable cell types, which would introduce experimental
bias. Moreover, rare populations may not be detected as 10,000
cells are profiled in one scRNA-seq experiment. Single-nucleus
RNA-seq (snRNA-seq) was developed to sequence tissues that
cannot be easily dissociated into viable single-cells, including
frozen tissue. snRNA-seq seems especially useful for research
institutions with an extensive biobank, thus enabling a
retrospective snRNA-seq on samples that were cryopreserved.
Slyper et al. published a toolkit for sequencing fresh and frozen
tumor samples using sc- and snRNA-seq, respectively, with
recommendations for pediatric high-grade gliomas: CHAPS
detergent with salts and Tris for nuclei dissociation; sequencing
FIGURE 3 | Bulk and single-cell transcriptomics reveals differentially expressed genes and pathways between tumor sub-types or cell sub-populations, respectively.
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with the Chromium platform (109). For the purposes of simplicity
in this review, we will refer to both single cell and single nucleus as
“scRNA-seq”.

Additionally, researchers must decide upon sequencing
technology. Full-length transcripts [produced by plate-based
platforms such as Smart-Seq2 (110), RamDA-seq (111), and
MATQ-seq (112)] are useful for detecting lowly expressed
mRNA, splice variants, and isoforms. Droplet-based platforms
[such as Chromium, DROP-seq (113), and inDrop (114)] mark
the 3’ end of mRNA with a 10 base-pair unique molecular
identifier (UMI); this allows for higher throughput of cells at
the cost of lower resolution, which is more suitable for complex
tissues with rare cell types. Batch effect from tissue type, sample
preparation protocols, or research facility can be a source of
confounding variation. Computational workflows may be able to
correct for these uncontrolled variations (Table 1).

Applications of scRNA-seq to CNS
Malignancy and Immuno-Oncology Research
With advances in sequencing technologies and computational
biology, dimensionality reduction and clustering can
characterize the diversity of cell populations (115, 116). Prior
knowledge of marker genes and cell types is needed to annotate
clusters within these datasets, though published packages have
been developed to annotate cell types automatically. ScRNA-seq
has been utilized for describing the malignant programs and
developmental origins of pediatric CNS malignancies (105, 117–120).

Detailed scRNA-seq studies have also been useful for
appreciating the heterogeneity and functional differences in
brain residing macrophages, as some subtypes play an
immunosuppressive role in high-grade gliomas (121).
Compared to control brains, diseased brains with epilepsy or
tumors have a greater diversity in TAM phenotypes. This
suggests that TAMs functionally specialize or differentiate in
brain pathologies, which was confirmed in mouse models of
adult CNS malignancies (122–124). Pro-tumor and anti-
inflammatory macrophages are more abundant in IDH-wt
gliomas than IDH-mut, which is consistent with the poorer
survival associated with IDH-wt glioblastoma (121). Chen et al.
identified that the MARCO gene (macrophage receptor with
collagenous structure) is selectively expressed in TAMs of IDH-
wt glioblastomas; interestingly, MARCO was not expressed in
TAMs of low-grade gliomas or IDH-mut glioma (125).

Additionally, the infiltration of TAMs and T cells has been
described across various brain regions. Reitman et al. profiled the
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TAMs in childhood pilocytic astrocytomas using scRNA-seq
(126). They found that compared to infra-tentorial pilocytic
astrocytomas, supra-tentorial tumors are enriched in microglia.
This provided strong evidence for differences in the glioma
TIME based on anatomical location. Altogether, future studies
should comprehensively characterize the contribution of
macrophages and microglia to the TIME, to understand how
the tumor location and genomic aberrations affect
the immunophenotype.

Further characterization of the expression profiles and surface
receptors of T cells have shed light into how these infiltrating
lymphocytes are activated in brain cancers. As the T cell
receptors (TCRs) mediate T cells’ response to cancer,
computational methods have been developed to sequence the
TCRs to understand how these cells proliferate and specialize
(127). ScRNA-seq reads can be used to computationally
reconstruct the TCR chains. These powerful methods allow for
simultaneous measurements of the transcriptional profile and
TCR of T cells from scRNA-seq data (128–130). A recent study
by Mathewson et al. extensively profiled the transcriptomes and
TCRs of infiltrating T cells in IDH-wt glioblastomas and IDH-
mut high-grade gliomas (131). CD8+ and CD4+ T cells in
IDH-wt glioblastoma had higher expression of cytotoxicity,
interferon, and cellular stress pathways than IDH-mut gliomas.
Additionally, they used TraCeR, a computational method to
reconstruct the TCRs, to describe the clonal expansion of T cells
upon infiltration. On average, each tumor contains 13 distinct T
cell clonotypes, which provides evidence for T cell activation and
expansion in high-grade gliomas. Of note, more clonal CD8+ T
cells have higher expression of reactivity and cytotoxicity
signatures, which was confirmed by Rubio-Perez et al. (108).
Overall, these analyses highlight the utility of scRNA-seq to
investigate transcriptional programs and expansion of T cells in
adult brain cancers. However, it may be challenging to profile
TCRs in pediatric CNS malignancies as they typically exhibit low
levels of T cell infiltration. Therefore, it would be necessary to
first sort for CD3+ T cells, thereby excluding the neoplastic,
TAMs, and other infiltrating immune cells present in tumor
tissue (131).

Overall, scRNA-seq has the potential to identify transcriptional
changes in the neoplastic and microenvironmental cells throughout
treatment, which is reliant on longitudinal sampling. Ruiz-Moreno
et al. monitored the expression profiles of microglia, macrophages,
and T cells in a patient with a diffuse midline glioma at diagnosis
and metastasis (132). Upon biopsy, the immune component made
TABLE 1 | Comparison of single-cell RNA-seq technologies.

Sequencing
type

Procedure Tissue compatibility Platforms Advantages

Full-length
transcripts

Plate based: single cells are flow sorted into
individual wells before library preparation

Single-cell (fresh) and
single-nuclei (fresh and
frozen)

Smart-Seq2 (most popular);
also MATQ-seq, RamDA-seq

Captures more genes per cell; can
detect splice variants and isoforms

Unique
molecular
identifier (UMI)

Droplet based: cells are encapsulated into a gel
bead and 3’ or 5’ end of mRNA is marked with UMI

Single-cell (fresh) and
single-nuclei (fresh and
frozen)

Chromium (most popular);
also DROP-seq, inDrop

Captures more cells per sample;
can detect rarer cell types
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up half of the primary tumor, mostly consisting of microglia and a
few macrophages. These tumor-associated macrophages expressed
an anti-inflammatory/pro-tumor phenotype, which supported their
finding of few infiltrative T cells. Three serial samples of the
abdominal tumor metastasis were obtained; interestingly, they
found that, over time, macrophages obtained a more pro-tumor
phenotype with few infiltrating pro-inflammatory macrophages or
T cells. Finally, the researchers also used scRNA-seq to describe
changes in the TIME after the patient started treatment with
hydroxychloroquine, an immunomodulator that increases the
anti-tumor activity of macrophages (132). Their analysis revealed
a dramatic increase in naïve and pro-inflammatory macrophages,
and antigen-presenting dendritic cells. Their results highlight the
utility of longitudinal sampling and scRNA-seq to understand the
evolution of the TIME throughout disease course
and immunotherapies.

Due to difficulties with re-sampling primary tumor tissues,
researchers have used scRNA-seq to characterize other
compartments of the immune system, including CSF and
peripheral blood (108, 133). However, the question remains if
the immune cells in the CSF or blood are informative for the
brain TIME and should be further elucidated in future studies. In
a study of adults with brain metastasis, Rubio-Perez et al.
obtained simultaneous scRNA-seq datasets of brain
metastasized tumor and CSF (108). The TIME and CSF had
consistent proportions of CD8+ T, CD4+ T, and NK cells,
highlighting how scRNA-seq data of lymphocytes in liquid
biopsies recapitulate the TIME of primary tumors (108). As
the TIME is correlated to patient’s response to immunotherapies,
future studies need to explore if liquid biopsies do reflect the
TIME in pediatric brain malignancies, with the ultimate goal to
have a surrogate for response to (immune) therapy (25).
However, not all compartments of the immune system behave
similarly. Prakadan et al. also obtained scRNA-seq datasets of
peripheral blood and CSF of patients enrolled in clinical trials for
immune checkpoint inhibitors for leptomeningeal disease (133).
Lymphocytes and myeloid cells expressed gene signatures for
antigen presentation and IFN-gamma response higher in the
CSF compared to the blood. They also found that myeloid cells in
the CSF showed an increase in the pro-inflammatory phenotype,
while the opposite was seen in myeloid cells in the blood.

Longitudinal samples of liquid biopsies are useful when
relating immune system dynamics with clinical outcomes.
Soon after treatment with checkpoint inhibitors, Prakadan
et al. identified an increased inflammatory gene signature in
the CSF, which was not identified at later time points (133).
Additionally, compared with pre-treatment samples, CD8+ T
cells significantly expressed genes associated with antigen
presentation and IFN-gamma signaling. These results could
explain the clinical benefits of the immune checkpoint
inhibitors in leptomeningeal disease. Furthermore, Rubio-Perez
et al. mapped the abundance of immune cells in the CSF for two
patients that underwent re-surgery; their serial samples of CSF
showed an increase in naïve T cells and decrease in macrophages
(108). Together, these papers provide evidence that scRNA-seq
should be further investigated for children with a CNS
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malignancy; preferably including longitudinal sampling to
understand, and hopefully improve, (immuno)therapies in
pediatric high-grade brain tumors (Figure 4).

Advances in Transcriptomic Profiling
With advancements in transcriptomics technologies and
computational methods, we have seen a surge in creative
applications using scRNA-seq to investigate the tumor ecosystem.
Computational methods referred to as “deconvolution” integrate
bulk and scRNA-seq, and have been developed to predict the cell-
type composition from homogenized bulk RNA-seq data.
Algorithms for cell-type deconvolution include CIBERSORTx,
MuSiC, and DWLS (134–136). Though they differ in their
mathematical methods, the results are highly robust and
correlated (137). Results from deconvolution should be
benchmarked with representative IHC staining or flow cytometry,
to ensure that differences in RNA expression correspond to cell-type
quantification from the protein and microscopy level. Additionally,
cell–cell interactions have been predicted from scRNA-seq datasets
of heterogeneous tissues, which is especially useful for characterizing
the TIME. Simply, these algorithms utilize literature-derived
datasets of ligand–receptor interactions, and predict which cells
communicate based on the cell-type expression of these proteins
(138). Physical location information from spatial transcriptomics or
proteomics would increase the power of these data-driven
predictions, as interacting cells are located near one another. Both
deconvolution and cell–cell interaction algorithms will advance
research studies aiming to quantify the immune cell composition
and interactions within the TIME.

scRNA-seq has been adapted to profile transcriptomics in
parallel with additional biomolecules. CITE-seq was developed
to allow for simultaneous profiling of multiplexed protein
markers and transcriptomes of single cells from fresh tissue
(139). In this procedure, single cells are incubated with DNA-
barcoded antibodies. Upon sequencing, a quantitative read out is
obtained for the expression and immunophenotyping of single
cells. CITE-seq has been used to profile the immune cells in the
glioblastoma microenvironment (123). TAMs and dendritic cell
clusters were identified in CITE-seq and scRNA-seq analyses,
proving the robustness of the protocols. One unique benefit of
CITE-seq is identifying novel cell surface protein markers; for
example, markers were identified that captured monocyte-to-
macrophage differentiation and characterized blood-derived
macrophages from microglia (139).

Finally, as bulk- and scRNA-seq sample preparation requires
tissue dissociation, spatial transcriptomics methods have been
developed to retain spatial information of mRNA transcripts that
is lost with other sequencing platforms (140–142). Fresh-frozen
or FFPE tissues are transferred onto a slide with millions of
oligonucleotide probes containing a “spatial barcode”. The RNA
binds with the oligonucleotides on the slide; upon sequencing,
the tissue’s RNA can be spatially resolved and mapped to
histology images of the tissue. Commonly used scRNA-seq
analysis tools [such as Seurat (115)] are compatible with
spatial transcriptomics and allow for similar clustering analysis
of distinct tumor regions. It is important to note that the
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resolution of spatial transcriptomics is less than that of scRNA-
seq; each spatial barcode can contain between 3 and 30 cells on
the Visium platform, and profiles the expression of far fewer
genes. It may be more challenging to detect intra-patient
heterogeneity for embryonal tumors that have malignant cells
that are densely packed together.

Spatial transcriptomics seems especially useful for resolving
the biology at the tumor–microenvironment interface in solid
tumors. A recent study from Ravi et al. identified a subset of
myeloid cells that are co-localized with mesenchymal-like
glioblastoma cells that drive T cell exhaustion, thus
contributing to the anti-inflammatory TIME (143). Another
study characterized a unique cell state localized at the tumor–
microenvironment boundary, which had upregulation of cilia
gene sets (144). For heterogeneous and infiltrative pediatric CNS
malignancies such as high-grade gliomas, spatial transcriptomics
can radically advance our understanding of how cancer cells
interact with neurons, astrocytes, and immune cells, and
eventually, how the microenvironment architecture changes
due to therapeutic interventions.
FUNCTIONAL ASSAYS

IHC, flow cytometry, and transcriptomics are important for
describing the composition of immune cells in the TIME. The
presence of proliferation markers or enrichment of inflammatory
gene sets is suggestive of a cell’s potential to mediate humoral or
Frontiers in Immunology | www.frontiersin.org 1187
cellular immunity. However, the true capacity of these immune
cells to proliferate or kill target cells (referred to as “cytotoxicity”)
can only be confirmed using functional cellular assays. To this
end, tumor-infiltrating lymphocytes (TILs) can be isolated from
tumor material or liquid biopsies using cell sorting selective for
CD45 markers and evaluated ex vivo. As an alternative to single-
cell preparation and sorting, TILs can also be expanded directly
from tumor materials by culturing the material for several weeks
in the presence of stimulatory agents (IL-2, with or without anti-
CD3 stimulus) (104, 145). This method for TIL expansion has
been used successfully in adoptive cell therapy in multiple cancer
indications (146–148); however, it has the disadvantage that
cellular diversity is lost, as these culture conditions only
promote clonal expansion of a select subset of TILs (mainly
T cells).

The proliferative capacity of lymphocytes, indicative for an
active immune response, can be investigated by fluorescently
labeling the cells with a cell tracer dye [such as cell tracer violet or
carboxyfluorescein diacetate succinimidyl ester (CFSE)] and
culturing in the presence of an activating agent (149).
Polyclonal activation of TILs can be induced with either a
lectin mitogen (i.e., phytohemagglutinin) or with anti-CD3 or
CD3/CD28 beads in the presence or absence of stimulatory
cytokines [i.e., IL-2 (149)]. Upon proliferation, the cell tracer
dye will get divided among daughter cells and, therefore, multiple
peaks will be visible with a decreased fluorescence.

Clonal activation and expansion of TILs is performed by
coculturing the cells for several weeks with irradiated and
FIGURE 4 | Characterization of immune cells from longitudinal liquid biopsies (as shown, blood and CSF) using scRNA-seq and flow cytometry.
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peptide loaded feeder cells, in the presence of IL-2 (150). Feeder
cells can be either autologous or allogeneic antigen-presenting cells
(APCs) or tumor cells expressing the peptide(s) of interest (e.g.,
pp65 or H3K27M) on their MHC (151). The use of these feeder
cells dates back to the 1980s and has shown to promote T cell
culture (152). A clinical study using a similar procedure to clonally
expand TILs frommelanoma patients showed the presence of neo-
antigen-specific T cells. Adoptive cell transfer of these TILs,
supplemented with IL-2 dosing, resulted in a clinical response in
5 out of 10 patients of which 2 were complete responders (153).
Additionally, brain metastases from melanoma have been shown
to be susceptible to TIL therapy. In a retrospective study, 7 of 17
(41%) melanoma patients with brain metastases receiving
adoptive TIL therapy achieved complete response (154). These
results are promising and provide hope that TIL therapies could
also be of benefit for the treatment of primary CNS malignancies,
although more hurdles will need to be overcome, such as an
immune-suppressive environment and the blood–brain barrier.
Liu et al. demonstrated that TILs from glioma can be efficiently
expanded using a combination of IL-2, IL-15, and IL-21,
enhancing CD8 T cell reactivity to autologous tumor cells (155).
More recently, a clinical phase I trial has started, investigating the
safety and efficacy of TIL therapy in malignant glioma
patients (NCT04943913).

Finally, cytokine secretion and cytotoxicity assays are
essential for determining the capability of immune cells to
induce direct cytotoxicity. The cytokine secretome can be
measured directly from patient samples (including tumor
tissue, CSF, or plasma), or from conditioned mediums of
tumor cell cultures. Measuring both pro-inflammatory (e.g.,
IFNg, TNFa, and IL-2) and anti-inflammatory cytokines (e.g.,
IL-4, IL-6, and IL-10) provides an indication of immune activity
in the tumor. Several multiplex techniques such as Olink and
Luminex were developed to measure over 25 different cytokines
in a limited amount of material. Findings from these assays
highlight the anti-inflammatory nature of pediatric CNS
malignancies. The secretome of diffuse midline gliomas and
Frontiers in Immunology | www.frontiersin.org 1288
pediatric glioblastomas are remarkably different to that of adult
glioblastomas. Pediatric high-grade gliomas do not secrete
substantial levels of inflammatory cytokines that recruit
lymphocytes to the TIME, which contributes to their
immunosuppressive phenotype (92). Moreover, assays wherein
pediatric glioma cells were co-cultured with T and NK cells
suggest therapeutic strategies for immunotherapies. T cells could
not effectively lyse diffuse midline glioma cell lines, while NK
cells exhibited cytotoxic effects (29). Altogether, cytotoxicity
assays are essential in immune monitoring programs to
validate hypotheses regarding the anti-inflammatory TIME of
pediatric CNS malignancies.
DISCUSSION

Towards an Immunological Atlas of
Pediatric CNS Malignancies
Current neuro-oncological practice is increasingly dependent on
molecular and cellular profiling of CNS tumor tissue. These histo-
molecular findings contribute to a more accurate diagnosis and
have the potential to direct personalized and targeted treatment,
especially in the context of immunotherapies. A comprehensive
evaluation of the pediatric CNS tumor microenvironment and
immune system at diagnosis, across treatment and at relapse will
be necessary to not only understand how the immune system
responds to radio- and systemic therapies, but also to evaluate how
novel immunotherapies modulate the immune system. Without
aiming to discuss all available methods, we selected various
techniques that provide a comprehensive atlas of multiple
compartments of the immune system at diagnosis and
throughout treatment. We analyzed the clinical utility and
feasibility of IHC, flow cytometry, bulk and single-cell
transcriptomics, and functional assays for monitoring the immune
system and TIME of pediatric CNS malignancies (Table 2).

Studies of IHC are useful to determine the quantity and
location of a specific cell type in the TIME. In summary, IHC is
TABLE 2 | Utility and feasibility of selected techniques for immune profiling of tumor tissue.

Technique Tissue type Utility Advantages Disadvantages

Immuno-histochemistry FFPE Quantification and phenotyping • Routine use in diagnostics
• Validation for other techniques
• Retains spatial information

• Low throughput

Flow Cytometry Fresh Quantification and phenotyping • Millions of cells profiled
• Fast data acquisition and analysis

• Panel of antigens or cell types
(biased)

• Loss of spatial information

Bulk Transcriptomics Fresh, frozen,
FFPE

Biomarkers, functional
pathways

• Routine use in diagnostics
• Identify pathways for targeted treatment

• Loss of spatial and cell-type
information

• Computationally intensive

Single-cell
Transcriptomics

Fresh, frozen Quantification, functional
pathways

• Thousands of cells profiled
• Retains cell-type information
• Identify rare or novel cell types

• Expensive ($2,000/sample)
• Time-consuming analysis
• Computationally intensive
• Loss of spatial information

Functional assays Fresh Immune-cell function • Cytotoxicity or proliferation potential of
TILs

• Ex vivo and in vitro activity

• Low throughput
• Reproducibility of assays
A
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performed on formalin-fixed paraffin embedded tissue, thus
retains spatial information, and enables retrospective analyses.
With developments in multiplex IHC and flow cytometry,
multiple cell types can be quantified to provide a more detailed
atlas. Flow cytometry is beneficial as it profiles up to millions of
cells in a short period of time (approximately 3 h). However, flow
cytometry requires a viable suspension of millions of live single
cells; therefore, the sample must be substantially larger than
required for IHC or sequencing (where scRNA-seq requires a
few thousand cells) and should be either viably cryopreserved or
processed directly after surgery (where the latter is preferred to
better characterize the myeloid components of the TIME).
Additionally, antibody-based technologies require the
development and assessment of a panel, which pre-selects the
proteins (and therefore, cells) that can be interrogated. Another
limitation is that certain cell types may have similar surface
proteins compared to other cells, complicating the identification
of the cells of interest (i.e., distinguishing MDSCs from myeloid
cells). However, as both IHC and flow cytometry are cost-effective
and readily available at almost all academic research hospitals,
their utility should not be overlooked. Overall, they are useful for
quantifying and phenotyping the immune cells present in the
TIME; however, the analysis is hypothesis driven, and this
introduces a selection bias when using a panel of antibodies. As
we described, there is already much prognostic value in
quantification metrics alone: for example, T cell infiltration is
related to tumor grade in pediatric gliomas and progression-free
survival in ependymomas (29, 33).

High-throughput genomic techniques, such as bulk and single-
cell transcriptomics, quantify thousands of genes by sequencing. As
these methods are unbiased (i.e., not relying on a panel of pre-
selected RNA transcripts), they can be useful for identifying gene
expression patterns with prognostic value. With bulk RNA-seq,
evaluating the expression of immune-related genes and enrichment
of immune-related pathways can reveal the inflammatory state of
the TIME (29, 90). A possible, and promising, solution is to perform
RNA-seq on immune cells found in blood or CSF, which could be
correlated to the TIME (93, 156). Although, to our knowledge, no
such experiments have been performed to monitor pediatric CNS
malignancies yet, studies on other cancers have shown the potential
of using these more readily accessible biomaterials to monitor the
anti-tumor immune response during therapy. For example,
circulating miRNA levels were found to be correlated to the
absolute neutrophil count in pancreatic cancer (93). Moreover,
comparing immune signatures of patients who respond to those
who do not respond to a particular type of therapy can eventually
guide therapy decision (157). However, the low number of tumor-
infiltrating immune cells compared to the high density of tumor
cells can limit the sensitivity of this technique. Furthermore, scRNA-
seq can uniquely distinguish rare cell types and cell states; for
example, scRNA-seq datasets of T cells in adult gliomas revealed
differences in the expression of cytotoxicity and stress pathways
between IDH-mut and IDH-wt tumors that could not be identified
via IHC or flow cytometry alone (131). Though they are incredibly
useful for investigating biological pathways implicated in diseases,
transcriptomic methods are costly and computationally intensive.
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Spatial transcriptomics has been developed to retain the spatial
information lost due to tissue dissociation protocols.

These cellular and molecular techniques are essential for
immunophenotyping CNS malignancies. Additional functional
experiments that assess the TIME cells’ cytokine secretion profile
or cytotoxicity capacity of immune cells are necessary to evaluate
hypotheses generated from the prior methods. Such assays
helped us realize that diffuse midline gliomas have a non-
inflammatory TIME by secreting much fewer cytokines than
adult high-grade gliomas (92). Additionally, they revealed that
NK cells can lyse diffuse midline glioma cells, while T cells and
macrophages cannot (29). Results from functional assays suggest
that immunotherapies that recruit and activate NK cells could be
plausible strategies for new treatment designs. In summary,
integrating IHC, flow cytometry, transcriptomic methods, and
functional assays allow for a detailed atlas of the quantity,
location, and functionality of immune cells in both TIME and
periphery, which cannot be achieved by one methodology alone.

Clinical Perspective
We recognize that there are significant challenges with designing
studies that monitor the immune system during cancer
treatment. Pediatric normal brain tissue is a necessary control
for characterizing the infiltration and activation of immune cells
in CNS malignancies but is scarce and difficult to obtain. Fresh
CNS material can be obtained from epilepsy surgeries and
tumor-free autopsy material (56); however, there are still
confounding factors to consider, such as cause of mortality and
time since death. Additionally, “brain banks” dedicated to
storing and distributing postmortem brain tissues for the
research community have been established worldwide, though
these typically consist of adult specimens (158). The National
Institute of Child Health and Human Development and the
Harvard Brain Tissue Resource Center are two brain banks
specific for collecting and distributing brain tissue from
children and fetuses (159).

Furthermore, obtaining high-quality CNS tumor samples
remains the biggest hurdle, especially for cases when the tumor
is in a vulnerable location (i.e., the brain stem for diffuse midline
gliomas). CUSA material (tissue obtained using a Cavitron
Ultrasonic Surgical aspirator during brain surgery), which
contains buffered solution, brain tumor and non-tumor
fragments, and blood, can also be used for cellular and
molecular analyses. CUSA material has been used for
diagnostic purposes, and in studies of cellular heterogeneity of
malignant cells and immune microenvironment (160–163). To
what extent the CUSA material reflects the microenvironment of
the tumor in children is subject to further research.

Longitudinal sampling to evaluate treatment effects is also
particularly challenging. In a recent pre-print, Spitzer et al.
obtained scRNA-seq datasets of two matched pre- and post-
treatment glioma samples that responded well to a targeted
treatment and identified changes in the malignant cell states
that explained the observed clinical response. To increase the
power and confidence of their analysis, they included pre-
treatment scRNA-seq data of non-responders, and noticed a
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distinct differentiation pattern that could explain their lack of
clinical response (164). Additionally, we suggest utilizing liquid
biopsies to characterize the immunological system response to
treatment. Liquid biopsies are currently a hot topic for assessing
progression of pediatric CNS malignancies, with a recent paper
demonstrating that serial analysis of circulating DNA in the CSF
can predict tumor burden and disease progression in
medulloblastomas (165). As we described, flow cytometry and
scRNA-seq datasets of immune cells in blood, bone marrow, and
CSF can also be informative for advancing our understanding of
the immune system’s response to current treatment regimens
and designing future immunotherapies (108, 133). Ideally, we
can use liquid biopsies as surrogate markers for the TIME,
avoiding invasive surgical procedures.

Looking forward, we predict that a detailed description of the
microenvironment and immune system of pediatric CNS
malignancies throughout the disease course will be paramount
to implementing and evaluating the efficacy of immunotherapies
(Figure 5). In our field, we are beginning to recognize substantial
biological differences between pediatric and adult CNS
malignancies, which could also be attributed to the role of the
immune system in childhood neurodevelopment. Studies of pre-
and post-natal mice have been essential in describing the unique
role that microglia take as modulators in the formation of neural
circuits: they clear excess neurons, assist with vascularization,
and regulate neural-stem cell commitment to astrocyte and
neuron lineages (166). During adulthood, microglia become
ramified and survey the brain parenchyma for tissue injury or
disease (166). Interestingly, in the setting of brain cancers,
microglia do not phagocytize the glioma cells, and can be
reprogrammed to promote tumor growth (167). Detailed
scRNA-seq studies of adult and mouse gliomas could resolve
the heterogeneity of microglia states (121–125); however, similar
studies in children are lacking but will be necessary to unravel the
complex activity of microglia in malignancy and development.

In the field of pediatric neuro-oncology, trials of vaccine
approaches, oncolytic viruses, checkpoint blockade, and
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adoptive cellular therapy are currently under investigation in
preclinical and clinical settings. Small trials thus far show
noteworthy clinical outcomes but raise a broad spectrum of
unique challenges that need to be evaluated (168). Specific
challenges while developing immunotherapies for children with
CNS malignancies include a cold immunophenotype with
minimal T cell infiltration, a relatively low mutational burden,
intra-tumoral heterogeneity, and blood–brain barrier
penetration. The potency of immunotherapy needs to be
evaluated for optimal application of immunotherapy targeting
this highly specific neoplasm and challenging environment.
Clinical outcomes targeting a single tumor-associated antigen
failed to show adequate, durable anti-tumor responses,
suggesting that selective targeting of one antigen may be
insufficient (168, 169). Combination therapy might help
overcome tumor heterogeneity and penetrate the highly
immunosuppressive TIME, and clinical trials are underway
(i.e., NCT03130959, NCT00634231, and NCT03396575).
Furthermore, clinical research studies should focus on
elucidating the long-term side effects of immune modulators in
children, especially when addressing effects to their developing
immune system, and neurodevelopment and cognition.

To move forward, we need a multifaceted and comprehensive
description of the microenvironment of pediatric CNS
mal ignanc ies . Unders tanding the subtype-spec ific
immunological phenotype and how the treatment protocol,
anatomical location, and grade of each tumor influences the
TIME is essential to efficiently redirect the immune system
towards cancer eradication. Within the Princess Maxima Center,
Utrecht, Netherlands, a prospective observational longitudinal
study is initiated including 60 newly diagnosed and relapsed
children with various CNS malignancies (Trial NL8967). At
diagnosis, biopsy tumor tissue will be profiled by IHC, bulk, and
single-cell transcriptomics. CSF, bone marrow, and peripheral
blood will be collected during surgery and subsequent follow-up
visits; these liquid biopsies are profiled by flow cytometry and
scRNA-seq (depending on sample size and tissue availability).
FIGURE 5 | Integrating methodologies allows for multi-dimensional characterization of TIME and will enable personalized immunotherapeutic strategies.
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Accurate immune profiling could help pave the way for future
immunotherapeutic interventions in pediatric neuro-oncology.
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Immunotherapy has seen tremendous strides in the last decade, acquiring a prominent
position at the forefront of cancer treatment since it has been proven to be efficacious for a
wide variety of tumors. Nevertheless, while immunotherapy has changed the paradigm of
adult tumor treatment, this progress has not yet been translated to the pediatric solid
tumor population. For this reason, alternative curative therapies are urgently needed for
the most aggressive pediatric tumors. In recent years, oncolytic virotherapy has
consolidated as a feasible strategy for cancer treatment, not only for its tumor-specific
effects and safety profile but also for its capacity to trigger an antitumor immune response.
This review will summarize the current status of immunovirotherapy to treat cancer,
focusing on pediatric solid malignancies. We will revisit previous basic, translational, and
clinical research and discuss advances in overcoming the existing barriers and limitations
to translate this promising therapeutic as an every-day cancer treatment for the pediatric
and young adult populations.

Keywords: oncolytic viruses, pediatric solid tumors, pediatric brain tumors, sarcomas, neuroblastoma, clinical trials
INTRODUCTION OF PEDIATRIC CANCER

Pediatric cancer includes all malignancies that occur in children and adolescents between birth and
19 years of age, and it is estimated that every year approximately 400,000 cases are diagnosed
worldwide (1, 2). Recent advances in cancer research have resulted in a marked increase in the cure
rates of both adult and pediatric cancers. However, cancer remains a significant cause of death for
children and adolescents (3). Among the factors that explain the improvement in survival rates are
the optimization of supportive care, advances in biological and clinical tumor characterization and
the development of new risk-adapted therapies are the most remarkable (4, 5).

Unfortunately, this improvement has not always been accompanied by improved quality of life
because of side effects and long-term health complications in survivors of childhood cancers as they
reach older age (6). These data underscore the necessity to develop safe and efficacious treatments
that overcome the current limitations in the field of pediatric cancer.
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In recent years, cancer therapy has experienced a remarkable
transformation due to the advent of new classes of
immunotherapies, including immune checkpoint inhibitors,
bispecific T cell engagers (BiTEs) and CAR-T cells. In fact,
CAR-T cells have provided a new paradigm for treatment,
especially for liquid tumors (7, 8). Another approach that has
gained popularity is the use of oncolytic viruses (OVs). These
viruses combine their cytotoxic capacity with the ability to
trigger an immune response, rendering them interesting
therapeutic tools. The notion of viruses as anticancer agents
came from anecdotic observations where tumors regressed
spontaneously after the patients naturally acquired viral
infections (9–11). These reports were mainly from the early
1900s, and it was not until the late 1980s that OVs were evaluated
in depth, in part due to the development of research tools such as
cell lines and animal models that have facilitated the evaluation
of these agents (12). Since then, multiple investigations have been
carried out, and the first OV has been approved for clinical use in
the USA. The use of Talimogene Laherparepvec in clinical
practice for recurrent melanoma represents a before-and-after
picture for OVs, indicating the possibility of developing new,
functional and perfectly designed tools for tumor treatment (13).

In this review, we discuss the role of OVs as a therapy for
pediatric solid malignancies. We review the different types of
viruses and their mechanism of action. We recapitulate the basic,
translational and clinical research using virotherapy, alone or in
combination with other therapies, to treat pediatric solid tumors,
Frontiers in Immunology | www.frontiersin.org 297
and we conclude with our thoughts regarding the potential
future and hurdles for the development of this field to achieve
its full therapeutic potential.
ONCOLYTIC VIRUSES

Oncolytic viral therapy is a promising therapeutic method that
employs naturally occurring or genetically modified OVs that
selectively proliferate in and kill tumor cells while causing no harm
to healthy cells (14). OVs can be classified as DNA or RNA viruses on
the basis of their genome. Furthermore, they differ in their viral
envelope based on host cell membranes and viral glycoproteins.
According to these criteria, these viruses can be classified as enveloped
DNA OVs (herpesvirus, poxvirus), unenveloped DNA OVs
(adenovirus, parvovirus), enveloped RNA OVs (paramyxovirus,
rhabdovirus, togavirus, orthomyxovirus), or unenveloped RNA
OVs (reovirus, picornavirus) (Figure 1).

OVs elicit antitumor responses mainly through two
mechanisms: selective killing of tumor cells and stimulation of
systemic antitumor immunity (15). Cancer cells provide an ideal
setting for the selective replication of various OVs that take
advantage of physiological changes in these cells. Several signaling
pathways engaged in viral elimination, including interferon, Toll-
like receptor (TLR) or Janus kinase-signal transducer and activator
of transcription (JAK-STAT) pathways, may be defective or
inhibited, enabling OVs to spread in tumor cells. Regarding
FIGURE 1 | Classification of families of oncolytic viruses (OVs) according to the genome and presence/absence of the viral envelope. OVs can be differentiated into
DNA viruses and RNA viruses, depending on their genomic nature. In addition, both types can present, or not present, virus envelopes. Thus, DNA-enveloped
viruses include those of the Herpesviridae and Poxviridae families; non-DNA-enveloped viruses include those of the Adenoviridae and Paroviridae families; RNA-
enveloped viruses include those of the Paramyxoviridae, Rhabdoviridae, Togaviridae and Orthoyxoviridae families; and non-RNA-enveloped viruses include those of
the Reoviridae and Picornaviridae families. Created with BioRender.com.
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infectivity, cancer cells may also overexpress different surface
receptors, such as CD46, ICAM-1, CD55, CD155 or integrins,
allowing OVs to infect cancer cells (16). In addition to directly
killing infected tumor cells via several oncolytic mechanisms, OVs
have the ability to turn tumors from immunologically ‘cold’ to ‘hot’
by inducing proinflammatory conditions within the tumor
microenvironment (TME) (15). Oncolytic cell death and
subsequent release of tumor-associated antigens can induce
innate and adaptive immune responses, resulting in therapeutic
responses in both locally injected tumors and tumor metastases
(15, 17, 18) (Figure 2).

With their multimodal antitumor activity, oncolytic virotherapies
are now a key subject of study in cancer treatment research, and
many clinical trials are currently being conducted for the utilization
of OVs as therapeutic agents for different types of advanced
malignancies (19, 20). OVs for different types of malignancies are
chosen based on a variety of factors. Some of themmay have intrinsic
tropism and a preference for selective replication in cancer cells,
whereas others can be genetically modified to elicit selective targeting
of cancer cells (21, 22). Generally, OVs infect tumor cells via specific
receptors on the cell surface. Once inside, the virus particles migrate
through the cytoskeleton and start replication, being internalized or
not into the nucleus. The viral seizure of the cellular machinery
allows the generation of new virions, which then facilitate lysis of the
infected cell and spread to infect new cells (23). New advances in
oncolytic virotherapies are being achieved with genetic deletions and
genetic engineering to improve tumor-selective replication and
oncolytic capability while lowering viral pathogenicity for patient
safety (21, 22, 24). Additionally, OVs can be designed to express
novel therapeutic genes to enhance the antitumor action, generation
of immunological responses, and suppression of tumor angiogenesis,
along with other mechanisms (21, 25). Reoviruses, parvovirus H-1
and Newcastle disease virus (NDV) are examples of OVs that are
naturally inclined to replicate in cancer cells (20). On the other hand,
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other OVs have been genetically modified for oncoselectivity,
including adenoviruses, vaccinia virus (VV), vesicular stomatitis
virus (VSV) and herpes simplex virus (HSV) (26, 27).
PRECLINICAL STUDIES USING
VIROTHERAPY IN PEDIATRIC
SOLID TUMORS

Adenovirus
Adenoviruses are among the most commonly used OVs in
research (28). Among the different pediatric solid tumors,
those of the central nervous system (CNS) are the most
common malignancies among children aged 0 to 14 years,
even more so than leukemias, and are among the most
prevalent and deadly within the adolescent group (5–24) and
young adults (25-39 years) (29). There are more than 100 types
of brain tumors (30–32), each with its own characteristics.
However, for the purpose of this review, we will focus on those
with poor prognosis.

One adenovirus that has been extensively characterized in
pediatric and adult brain tumors is Delta-24-RGD. This
adenovirus, serotype 5, was specifically designed to destroy
tumor cells (33, 34). It contains two genetic modifications: a 24-
base pair deletion in E1A, which restricts virus replication in
tumor cells, and the addition of the RGD-4C binding motif, which
improves the infectivity, allowing the virus to target tumor cells via
avb3 and avb5 integrins, which are overexpressed in a wide range
of tumors. Delta-24-RGD showed a robust antiglioma effect in
preclinical and clinical studies in adult patients with recurrent
gliomas (34–36). Moreover, the virus displayed the capacity to
trigger immune-mediated responses with an increased number of
immune populations inside the tumors (37, 38). Our group has
FIGURE 2 | Mechanism of action of oncolytic viruses (OVs). OVs, administered intravenously or intratumorally, infect normal and tumor cells. Nevertheless, they replicate
only in malignant cells, and virion release then occurs. The infection and destruction of tumor cells lead to the release of antigens that cause proinflammatory recruitment
of different immune cells, such as T and B cells, macrophages, NK cells, monocytes and dendritic cells. Thus, antitumoral effect is mediated not only by oncolytic
capability, but also by immune microenvironment reshaping. Created with BioRender.com.
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evaluated this virus in the context of high-risk pediatric brain
tumors. We observed that treatment with Delta-24-RGD resulted
in increased survival in human xenograft and syngeneic mouse
models of pediatric high-grade gliomas (pHGGs) and diffuse
midline gliomas (DMGs) (39). In immunocompetent mice, virus
treatment led to robust recruitment of lymphocyte populations
(including CD4+ and CD8+). Delta-24-RGD combined with
radiotherapy exerted an improved antitumor effect in this type
of tumors (40). Furthermore, we evaluated this virus in models of
atypical teratoid/rhabdoid tumors (AT/RTs) and CNS-primitive
neuroectodermal tumors (CNS-PNETs), rare pediatric embryonal
tumors with a survival time of 6-12 months (41, 42). The
adenovirus replicated efficiently in AT/RT and CNS-PNET cell
lines, leading to a robust cytotoxic effect. In vivo, Delta-24-RGD
expanded the overall survival in several animal models, leading, in
some cases, to a long-term survival rate of 70%. The interrogation
of the immune response triggered by Delta-24-RGD in humanized
immunocompetent mouse models revealed an increase in CD8+ T
cell infiltration and a general remodeling of the TME toward a
proinflammatory phenotype (43). In this line of thinking, another
adenovirus, VCN-01, armed with hyaluronidase, which allows the
degradation of the extracellular matrix (44), also significantly
extended the overall survival of mice bearing orthotopic PNET
(45). Mesenchymal stem cells (MSCs), as OV carriers, have also
been studied in treating DMGs. Chastkofsky and colleagues
encapsulated the adenovirus CRAd.S.pK7 into MSCs to facilitate
its delivery to the brainstem and to avoid potential fast clearance
by the immune system (46). Although the virus replicated in vitro,
the experiments performed in animal models did not show clinical
benefit, and it was necessary to add radiotherapy to extend the
overall survival.

Another strategy used to enhance the efficacy of oncolytic
adenoviruses has been combination with gene therapy. In this
sense, Arnone et al. explored the idea of treating a pediatric high-
grade glioma with the OV Delta-24 in combination with a
replication incompetent adenovirus encoding a BiTE which
targets human hepatocellular carcinoma A2 receptor (EphA2),
a protein that is correlated with tumor aggressiveness and poor
patient outcome. The authors showed that the combination
treatment was more efficient than either treatment alone in
improving tumor burden and overall survival (47).

Neuroblastoma is a rare neuroendocrine childhood cancer
that arises in any neural crest element from the developing
sympathetic nervous system (48). It is the most common
extracranial solid tumor in childhood and the most common
malignancy diagnosed during the first year of life (49). Although
outcomes in these patients have improved in recent decades, this
improvement is attributable mainly to better cure rates among
patients with low-risk neuroblastoma (49), whereas children
bearing the more aggressive form of the disease have shown a
modest advance (50). In this context, the adenoviruses OBP-301
and OBP-702, the tumor specificity of which is driven by the
hTERT promoter, have been evaluated. The authors showed that
treatment with either of these viruses produced an antitumor
response in cell lines with high hTERT expression and reduced
growth in a subcutaneous neuroblastoma model (51). Other
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approaches have employed cellular carriers to deliver the virus
such as Celyvir; autologous MSCs loaded with Icovir-5 (an
adenovirus dependent on an aberrant RB pathway). Mice
bearing neuroblastomas and treated intravenously with Celyvir
displayed a reduced tumor volume, recruitment of immune cells
and a weaker protumoral and stronger inflammatory profile in
the TME (52). This strategy is currently being evaluated in the
clinic and is discussed below.

Pediatric sarcomas, which account for 10% of solid tumors in
children, are a group of mesenchymal tumors originating from
bone or soft tissue precursors (53). Although current treatment
regimens based on chemotherapy, surgery and radiation have
improved the 5-year OSR to 60-70%, patients with metastatic
disease or recurrence have a poor prognosis, with a 5-year OSR
of 30% or less (54, 55). The lack of efficacy of emergent therapies
such as immunotherapy (56) has prompted the emergence of
OVs as an alternative solution.

Our group has evaluated the antisarcoma effect of the RB
pathway-based viruses Delta-24-RGD (57) and VCN-01 (58).
Both adenoviruses were able to control tumor volume, and
specifically for Delta-24-RGD, the use of cisplatin as a
combinatorial treatment improved the antitumor virus
response, showing that combination therapies are, in fact, a
possible solution. In the quest to further improve the efficacy,
our group engineered D24-ACT, which is based on the D24-
RGD platform and armed with the immune costimulatory
molecule 4-1BB ligand (4-1BBL), to improve the antitumor
immune response. Local treatment with Delta-24-ACT in mice
bearing orthotopic osteosarcoma murine tumors led to a
reduction in both the primary tumor and metastases, and a
significant increase in CD3+ and CD8+ T cells, among other
immune populations, was found when comparing D24-ACT vs.
D24-RGD (59). Our results suggest that potentiating the
immune response could boost the efficacy in this type of
tumor. In another study, a murine version of Celyvir (OAd-
MSCs) was tested in combination with granulocyte-colony
stimulating factor (G-CSF). The combination significantly
reduced tumor growth in vivo, with tumors presenting higher
infiltration of some immune cell populations (including CD4+
and CD8+ T cells) and reduced T cell exhaustion (60). OBP-502
has also been evaluated in osteosarcoma preclinical models. This
adenovirus reduced the viability of cancer cells and induced
immunogenic cell death in vitro, whereas intratumoral injection
in combination with an anti-PD-1 antibody in subcutaneous
models reduced tumor growth and enhanced tumor-infiltrating
CD8+ T cells (61).

Herpes Simplex Virus
HSV is among the largest DNA viruses developed for gene
transfer. It is nonintegrative, very potent as a lytic virus, highly
replicative and with high cell tropism (62). HSV type I G207,
which contains deletions in both copies of the neurovirulence
gene g134.5 and a disabling lacZ insertion within the ICP6 gene
(63), has been proven to be safe when injected into the
cerebellum (64) and developing mouse brains (65). In
preclinical studies, HSV-1 G207 and M002 (encoding human
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interleukin-12) demonstrated efficacy in pediatric high-grade
glioma (66) and medulloblastoma (67). Another oncolytic
herpes virus, HSV1716 (Seprehvir), showed efficacy in
preclinical studies of high-grade gliomas and DMGs via
changes in cytoskeletal dynamics and in molecular pathways
related to cell polarity, migration, and movement (68). HSV-1
rRp450, which expresses the rat CYP2B1 enzyme and is able to
activate the chemotherapeutic prodrug cyclophosphamide,
prolonged overall survival in medulloblastoma and AT/RT,
and its efficacy was further enhanced when cyclophosphamide
was included in the treatment schedule (69).

In neuroblastoma models, HSV-1 M002 produced cell death
in different neuroblastoma cell lines in vitro and reduced, alone
and in combination with radiation, the tumor growth of this
tumor in vivo (70). Similarly, a nestin-targeted oncolytic HSV
also killed neuroblastoma tumor-initiating cells and prevented
tumor formation in xenograft-bearing mice (71). FusOn-H2
(type 2 HSV), which specifically targets tumor cells with an
aberrant Ras signaling pathway, exhibited efficacy in a syngeneic
mouse model not only at the virus injection site but also at
distant metastases (18).

In Ewing sarcoma, the second most common bone tumor in
children and adolescents and a difficult to treat cancer (72),
HSV-1 rRp450 was combined with macrophage reduction
drugs. The combined treatment improved the efficacy of each
agent alone and led to a reduction in M2-like macrophages in
the tumor and spleen (73). HSV has also been tested in
Rhabdomyosarcoma, the most common soft tissue sarcoma
(74). Similar to other sarcomas, the chance of cure for
metastatic and recurrent tumors is incredibly low (< 20%).
In this context, HSV-1 M002 exhibited replication and
oncolytic activity via apoptosis, reduced tumor growth and
acted synergistically with radiation in subcutaneous mouse
models (75). This virus has been additionally evaluated in
serendipitous murine models of undifferentiated sarcoma,
leading to an increase in effector CD4+ and CD8+ T cells,
activated monocytes and a decrease in myeloid-derived
suppressor cells (76).

Other Oncolytic Viruses
Parvovirus H-1 (H-1PV) is an apathogenic in humans and non-
recombinant OV that occurs naturally in rats (77), and long-
term survival was observed for adult high-grade gliomas mouse
models after intratumoral, intravenous or intranasal virus
application (78, 79). H-1PV showed efficacy in in vitro models
of pediatric high-grade glioma (80), medulloblastoma (81) and
Ewing sarcoma but failed to improve survival in vivo in this
tumor (82).

Medulloblastoma and pleomorphic xanthoastrocytoma (a
rare condition comprising <1% of all primary brain tumors)
have been evaluated with PVSRIPO. PVSRIPO is an attenuated
polio: rhinovirus chimera without neurovirulence and had been
evaluated previously in adult recurrent glioblastoma patients
with promising results (83). The authors observed that
PVSRIPO could be used against these two malignancies in
vitro (84). Other types of OVs have been used in preclinical
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models, such as a measles virus in AT/RT models (85) or the
picornavirus Seneca Valley virus (SVV-001) in pediatric glioma
(86), with an improvement observed in mice bearing tumor cells.
Another study described the use of the oncolytic vesicular
stomatitis virus VSVDM51 and oncolytic myxoma virus (87) as
treatments in vitro and in vivo with good responses, although the
models used were subcutaneous.

A specific Semliki Forest virus (SFV4miRT), an Alphavirus
belonging to the Togaviridae family and modified to reduce
neurovirulence through insertion of three microRNAs,
prolonged survival in neuroblastoma and glioblastoma mouse
models with low interferon-a/b secretion (88). Another OV
belonging to this family, Sindbis virus (SINV), exhibited
efficacy in vitro via apoptosis, reduced tumor growth and
extended overall survival in subcutaneous neuroblastoma
models (89). An attenuated, nonneurovirulent poliovirus was
evaluated and exhibited replication in neuroblastoma cells and
significant reduction in tumor growth in subcutaneous tumor-
bearing mice (90). Additionally, in another study, MV-CEA (an
engineered measles virus) produced neuroblastoma cell death via
apoptosis in vitro and extended the overall survival in xenograft
models after five doses were injected intratumorally (91).
Interestingly, treatment with an OV that expresses a CXCR4
antagonist injected intravenously augmented the efficacy of DC
vaccines (92). Another oncolytic Seneca Valley virus (NTX-010)
proved effective in a subcutaneous neuroblastoma and Ewing
sarcoma models (93). Zika virus has been evaluated as an OV.
Mazar and colleagues showed that neuroblastoma cells are
widely permissive to Zika infection and require CD24,
although the efficacy in cell death has not been proven (94).

Measles OV decreased tumor growth of subcutaneous
xenografts and prolonged survival with orthotopic and
pulmonary metastatic osteosarcoma tumors (95). Also in
osteosarcoma, other viruses such as the previously mentioned
parvovirus H-1PV (96), oncolytic vesicular stomatitis virus
VSVDM51 in combination with phosphoinositide 3-kinase
inhibitor (97) and myxoma virus treated with immune
checkpoint inhibitors (98) successfully demonstrated an
antitumor effect. Interestingly, coculture of an Ewing sarcoma
cell line with NK cells led to a better oncolytic effect of a measles
OV (99).

The reovirus Reolysin exhibited efficacy in the treatment of
osteosarcoma, Ewing sarcoma and rhabdomyosarcoma cell lines in
vitro and in flank xenografts in vivo, in combination with
radiotherapy or the chemotherapeutic cisplatin, injecting three
doses every three weeks via tail vein administration (100). Phelps
and collaborators developed a recombinant oncolytic myxoma virus
engineered with CRIPSR/Cas9 gene editing capability targeting
NRAS (Myx : NRAS). While nonmodified myxoma virus slightly
improved the overall survival in rhabdomyosarcoma subcutaneous
models, the clinical effect was improved greatly by using Myx :
NRAS, and long-term survival was achieved (101). VSVDM51 has
also been evaluated in rhabdomyosarcoma and synergized with the
Smac mimetic compound LCL161 in vitro and in vivo in a
syngeneic murine model (102). In another elegant work, Petrov
and colleagues used canine adipose-derived MSCs as carriers of
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vaccinia viruses as a “Trojan Horse” to circumvent an early immune
attack to treat a canine soft tissue sarcoma (103).
ONCOLYTIC VIRUSES IN
CLINICAL TRIALS

In this section, we recapitulate the latest updates from clinical
trials using OVs as therapeutic agents in pediatric solid cancers.
All clinical trials using OVs that have been conducted in
pediatric populations are included in Table 1.

One of the first clinical approaches using an OV in the
pediatric population was a case report published in 2006 (111).
A 12-year-old boy with anaplastic astrocytoma who was
subjected to conventional therapy (surgery, radiation and
chemotherapy) and progressed was treated with MTH-68/H
(attenuated strain of paramyxovirus NDV) as a compassionate
use. MRI scans showed 30% tumor regression two months after
viral infusion. However, the patient’s condition began to decline
4 months after the first MTH-68/H treatment due to the growth
of new tumor nodules, and additional surgery was required. The
patient passed away after 41 months.
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Since then, several formal clinical trials utilizing different OVs
have been performed, all of them looking into safety and feasibility.
For example, Seneca Valley virus (NTX-010) was used in advanced
solid tumors with neuroendocrine features in a phase I trial that
included adults and children (112). Patients with neuroblastoma,
rhabdomyosarcoma, Wilms tumor, carcinoid tumor and
adrenocorticocarcinoma were included in this trial, which
included two arms: one with just the OV and another with the
virus combined with cyclophosphamide. Dose-limiting toxicity was
observed in the first arm but not in the second. Adverse events of
grade ≤3, such as leukopenia, neutropenia, nausea, or anemia, were
described. Unfortunately, no complete or partial responses were
observed, and only stable disease was observed in 6 out of 12
patients in the first arm (neuroblastoma n = 4, carcinoid tumor n=1;
and rhabdomyosarcoma n=1) and 4 out of 6 in the second arm
(neuroblastoma n = 2; and Wilms tumor n = 2).

JX-594 (Pexa-Vec; a vaccinia virus) was evaluated in six
patients with metastatic neuroblastoma, hepatocellular
carcinoma and Ewing sarcoma. No severe toxicity was
associated with virus administration. Regarding efficacy, 4 out
of 6 patients presented stable disease and 2 progressive disease,
and uninjected lesions progressed in all patients except one,
whose lung nodules were stable (108).
TABLE 1 | Clinical trials, completed or active, using oncolytic viruses as treatment in pediatric solid tumors.

Family Name Phase/
Country

Modifications Target Disease Route Identifier/
Reference

Adenovirus Delta-24-
RGD/
DNX-2401

I/Spain 24-base pair deletion in the Rb-binding region of the E1A gene,
insertion of an integrin-binding motif RGD

DMG intratumoral NCT03178032
(104)

VCN-01 I/Spain 24-base pair deletion in the Rb-binding region of the E1A gene,
insertion of an integrin-binding motif RGD, human hyalurodinase
gene insertion

Refractory
retinoblastoma

intravitreal NCT03284268

Icovir-5
(Celyvir)a

I/Spain 24-base pair deletion in the Rb-binding region of the E1A gene,
integrin-binding motif RGD insertion, E2F-1 promoter insertion

Metastatic/Refractory
solid tumors

intravenously NCT01844661
(105)

Icovir-5
(AloCELYVIR)b

Ib/Spain DMG/
Medullablastoma

intravenously NCT04758533

Herpex
Simples Virus
Type 1

HSV1716/
Seprehvir

I/USA Gene encoding ICP 34.5 protein (RL1) deletion Non-CNS solid tumors Intratumoral
/intravenously

NCT00931931
(106)

G207 I/USA Deletion of the diploid g134.5 gene, viral ribonucleotide reductase
(UL39) disruption by lacZ insertion

Recurrent/
Refractory cerebellar
brain tumors

intratumoral NCT03911388

G207 I/USA Progressive/Recurrent
supratentorial brain
tumors

intratumoral NCT02457845
(107)

G207 I/USA Recurrent/Progressive
high-grade gliomas

intratumoral NCT04482933

Vaccina Virus JX-594 I/USA Thymidine kinase gene (TK) disruption, human GM-CSF and b-
galactosidase gene insertion

Refractory solid tumors intratumoral NCT01169584
(108)

Reovirus Reolysin II/USA Unmodified Metastatic sarcomas intravenously NCT00503295
Reolysin I/USA

and
Canada

Relapsed/Refractory
Solid Tumors

intravenously NCT01240538
(109)

Picornavirus Seneca Valley
Virus

I/USA Naturally occurring Advanced Solid Tumors
with Neuroendocrine
Features

intravenously NCT01048892
(110)

Poliovirus/
rhinovirus
chimera

PVSRIPO Ib/USA Poliovirus type I containing heterologous internal ribosomal entry
site of human rhinovirus type 2

Recurrent malignant
glioma (Grade III or IV)

intratumoral NCT03043391
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The oncolytic reovirus Reolysin was the drug chosen for
another phase I clinical trial (109). Twenty-four children with
relapsed or refractory extracranial solid tumors were administered
Reolysin intravenously for 5 consecutive days every 28 days, alone
or in combination with the chemotherapeutic cyclophosphamide.
Adverse events of grade ≤4 and even grade 5 thromboembolism in
one patient were described. Regarding efficacy, only three patients
with stable disease received a second cycle, whereas two patients
received a third cycle prior to progressive disease.

In a study published by Melen and collaborators, Celyvir was
chosen for compassionate use for 13 patients with advanced refractory
neuroblastoma. Children received weekly multidoses as a sole
treatment. The only adverse effects found were mild and autolimited
viral-related toxicities, and none of the patients experienced grade 3+
toxicities. Regarding clinical outcomes, progression was the most
common (n=8), with stable disease (n=1), partial response (n=3) and
complete response (n=1). The authors found that the nonresponder
patients’ MSCs showed lower levels of expression of adhesion
molecules and migration capacities, and a higher number of T cell
lymphocytes was found in responder patients (113).

Our group has finished a phase I, dose-escalation clinical trial
usingDNX-2401 followed by standard radiotherapy in naïveDMGs,
in which 12 patients were enrolled (114). Correct infusion of viral
particles was checked using gadolinium in all patients (104). The
treatment regimen was well tolerated, with asthenia, headache,
vomiting, pyrexia and neurological deterioration being the most
commonly reported adverse events. The three serious adverse events
reported were grade 3 abdominal pain, grade 3 lymphopenia and
grade 3 clinical deterioration. Regarding efficacy, tumor reduction
was observed in 9 out of 12 patients. The final report of this study is
still pending. The preclinical studies mentioned above have allowed
the transfer of HSV-1G207 in a phase I clinical trial to treat pediatric
high-grade gliomas, in which supratentorial tumors had, at
recurrence, a median life expectancy of only 5.6 months. The
injection was performed via catheterization, and dose-limiting
toxicities in the 12 patients enrolled were classified as grade 1 and 2
(more common) and 3 (less common) related to HSV-1 G207. The
median overall survival was 12.2 months, and 4 patients were still
alive 18 months after HSV-1 G207 injection. Importantly,
posttreatment tissues from patients showed a substantial increase
in CD3+, CD4+ and CD8+ T cells (107).

The oncolytic herpes virus HSV1716, mentioned above in
preclinical research, has been evaluated in a preclinical trial for the
pediatric population (115). In this study, Streby et al. recruited nine
patients with relapsed or refractory extracranial solid tumors
(pediatric sarcomas, neuroblastoma and cholangiocarcinoma). No
dose-limiting toxicities were observed, and all the adverse events
were of grade ≤ 3. However, only two patients exhibited disease
stabilization in response to the virus, and months later, the tumors
started to progress (106).
PERSPECTIVE AND
CONCLUDING REMARKS

As depicted along this review, OVs have exhibited potential
applications in the treatment of pediatric solid tumors with
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encouraging results. However, OVs have been regularly evaluated
in tumors whose survival has not improved much in recent
decades (including pediatric cancers). Despite the great efforts
and multitude of clinical trials carried out, these diseases
continue to be devastating. This constitutes a double-edged sword
for OVs. On the one hand, they offer an alternative for cancer
patients for whom the currently available treatments do not lead to
sufficient improvement, much less cure, of the pathology. On the
other hand, all of these tumors are very aggressive, and there
could be no room to obtain tangible improvement, at least with
monotherapy. Notably, although OVs have shown marked
antitumor effects in preclinical models, their clinical translation
has not been so successful. Indeed, most of the clinical trials
recapitulated the above recruitment of patients in their last
stages of their diseases and therefore with modest results.
Nevertheless, in recent years, combinations of OVs with several
chemo- and immunotherapy regimens have been proposed, and
preclinical research and clinical trials are currently being
conducted that show benefit compared to OVs alone (116–119).

Another point in favor of OVs is their low toxicity and
extremely safe profile with very few secondary effects. This
makes them very attractive, especially in the pediatric
population. Viral production is also not a problem, as these
viruses are easy and affordable to manufacture.

We consider that the main disadvantage of OVs is the route of
administration. In intravascular administration, OVs are
recognized and inactivated by humoral components of the
innate and adaptative immune system in the blood (120), so
this route is frequently dismissed. Therefore, intratumoral
delivery is the dominant route, which allows direct targeting of
the tumor using simple clinical procedures. However, there are
also some difficulties, such as the presence of tissue barriers that
might prevent the spread of the virus or the existence of
metastases which might compromise the oncolytic efficacy. For
that reason, approaches that improve virus delivery are under
investigation and will be key to the further development of the
field. In that regard, the use of cellular carriers such as MSCs (as
explained above) (46, 52, 60, 103, 113), protective coatings and
genetic modifications of OVs are other strategies that are
considered for delivery optimization (121).

Interpretation of virotherapy responses through imaging
within the clinical trial is another cornerstone where numerous
efforts are being allocated. It is imperative to understand better
what the imaging is telling us and define parameters that allow us
to identify responses and other biological parameters intrinsic to
the treatment with OVs.

In closing, the establishment of OVs as a therapeutic option for
the treatment of tumors with poor prognosis, including pediatric
solid malignancies, is encouraging. In recent years, investigations
using OVs as therapy have grown exponentially. The FDA approval
of Talimogene Laherparepvec has demonstrated that OVs are
actually being considered as therapeutic options. Although we still
need to overcome some barriers regarding OV application, their
feasibility and, on some occasions, efficacy in treatment have been
demonstrated. Further efforts will be needed and, given that
virotherapy is now in its adolescence, there is great room for
optimization. In the short-middle term, we believe that OVs
April 2022 | Volume 13 | Article 866892
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will constitute a feasible therapeutic option to use alone or in
combination with other strategies, for patients with pediatric
solid tumors.
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Restoring the tumor-killing function of CD8+ T cells in the tumor microenvironment is an
important strategy for cancer immunotherapy. Our previous study indicated that
adiponectin (APN) deficiency reprogramed tumor-associated macrophages into an M1-
like phenotype to inhibit rhabdomyosarcoma growth. However, whether APN can directly
regulate the anti-tumor activity of CD8+ T cells remains unknown. In the present study, our
results showed that exogenous APN inhibited in vitro CD8+ T cell migration as well as
cytokines IFN-g and TNF-a production. APN deficiency in vivo strengthened CD8+ T cell
activation and cytotoxicity to restrain rhabdomyosarcoma, evidenced by an increase in the
expression of IFN-g and perforin in CD8+ T cells and the frequency of CD8+IFN-g+ T cells in
the spleen and lymph nodes, as well as increasing cytokine production of IFN-g, perforin,
TNF-a, and decreasing cytokine production of IL-10 in the serum. Mechanistically, STAT3
was identified as a target of APN in negatively regulating the anti-tumor activity of CD8+ T
cells. In vivo, a STAT3 inhibitor remarkably increased CD8+ as well as CD8+IFN-g+ T cells
in the spleen and lymph nodes. Taken together, we substantiated that APN deficiency
directly maintains the activation of CD8+ T cells to inhibit rhabdomyosarcoma growth by
suppressing STAT3 activation, indicating a promising APN-based therapy for the
treatment of rhabdomyosarcoma.

Keywords: CD8+ T cells, adiponectin, rhabdomyosarcoma, anti-tumor immunity, STAT3
INTRODUCTION

Rhabdomyosarcoma (RMS) is a high-grade malignant soft tissue sarcoma that includes embryonal
rhabdomyosarcoma (ERMS) and alveolar rhabdomyosarcoma (ARMS) (1). It commonly occurs in
children and teenagers, with an estimated incidence rate of 4.4 cases per 1 million in individuals
under 20 years of age, accounting for 3% of pediatric cancers diagnosed annually (1, 2). Current
clinical treatment of RMS is based on multimodal therapies, including surgery and chemotherapy,
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with or without radiotherapy (3). During the last few decades,
progressive advancements in RMS treatment have made the
overall survival rate up to 60%, but the overall survival rate of
metastatic and relapsed/refractory RMS is only 10% to 20% (4, 5).
Therefore, there is a clear need to develop therapeutic strategies for
RMS. Recent mechanistic advances in immunology have identified
that the immunosuppressive tumor microenvironment is the basis
for tumor growth and itsmalignant properties since the host fails to
induce an effective immune response (6). Hence, a therapeutic
strategy that can counteract the immunosuppressive tumor
microenvironment may be an alternative option for RMS.

Adiponectin (APN), a well-known adipocyte-secreted cytokine,
has been shown to possess multiple immunoregulatory effects in
both innate and adaptive immune systems. APN is capable of
inducing anti-inflammatory cytokines, such as IL-10, IL-1RA, and
IL-4, and suppressing pro-inflammatory cytokines, such as IL-1b,
IL-6, and TNF-a from monocytes, macrophages, and dendritic
cells (7–14). APN suppresses the cellular maturation of dendritic
cells (7, 15), inhibits pro-inflammatory cytokines (IL-1b, IL-2, IL-8,
TNF-a, IFN-g) from T cells (7, 16), and induces T cell apoptosis
and expansion of Tregs (15, 16). In our previous study, we found
that APN was highly expressed in infantile RMS, especially in
ARMS, one malignant subtype of RMS (17). APN deficiency could
inhibit the growth of rhabdomyosarcoma in mice by
reprogramming tumor-associated macrophages into an M1-like
phenotype via suppressing p38 MAPK phosphorylation (17). We
also found an extensive infiltration of CD8+ T cells in tumor tissues
(17). However, whether APN can directly regulate the anti-tumor
Frontiers in Oncology | www.frontiersin.org 2108
effect of CD8+ T cells remains unknown. In this study, we
investigated the role APN on CD8+ T cells in the tumor
microenvironment of rhabdomyosarcoma-bearing mice, and
found that APN deficiency inhibited rhabdomyosarcoma growth,
which was associated with enhancing the anti-tumor response of
CD8+ T cells that infiltrated rhabdomyosarcoma through the
inhibition of STAT3 activation.
RESULTS

Exogenous APN Inhibits CD8+ T Cell
Activation and Migration
To study the effect of APN on CD8+ T cells, we first detected the
expressions of APN receptors, AdipoR1 and AdipoR2, in inactive
and activated CD8+ T cells. The results revealed that these two
receptors were expressed in CD8+ T cells, and their expression was
upregulated after TCR activation (Figure 1A), which was
consistent with a previous report (16). Subsequently, we
stimulated purified CD8+ T cells with a combination of plate-
bound anti-CD3 mAb and anti-CD28 mAb in the presence or
absence of APN. The production of IFN-g and TNF-a from CD8+

T cells significantly declined after APN treatment (5 mg/mL), but
no obvious proliferative effect was observed (Figures 1B, C). The
effect of APN on the migration of CD8+ T cells was also
investigated using a transwell migration assay, which showed
that the number of transmigrated CD8+ T cells obviously
decreased after APN treatment (5 mg/mL) (Figure 1D). These
A B

C D

FIGURE 1 | Exogenous APN inhibits CD8+ T cell activation and migration. (A) mRNA expression of AdipoR1 and AdipoR2 in inactive and activated CD8+ T cells
(n = 4). (B) The effect of APN on CD8+ T cell proliferation (n =3-4). (C) The effect of APN on IFN-g and TNF-a production from CD8+ T cells (n =5). (D) The effect of
APN on CD8+ T cell migration (n=4). Data are expressed as the mean ± SEM from one of two or three separate experiments with same results. *p<.05, **p<.01 and
***p<.001.
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data suggest that exogenous APN can inhibit CD8+ T cell
activation and migration.

APN Deficiency Inhibits
Rhabdomyosarcoma Growth and
Negatively Regulates the Anti-Tumor
Effect of CD8+ T Cells in Tumors
To investigate the role of APN in regulating the tumor-killing
function of CD8+ T cells in tumors, a rhabdomyosarcoma model
was established in both APN−/− and wild-type mice by injecting
the mice withMN/MCA1 cells. As expected, the tumor growth in
APN−/− group was significantly reduced (Figure 2A), and
massive CD8+ T cell accumulation in the tumor mass, spleen,
and lymph nodes was also observed in the APN−/− group
(Figures 2B, C). Subsequently, we blocked CD8+ T cells in
tumor-bearing mice using CD8 mAb. As shown in Figure 3,
the inhibitory effect of APN deletion on rhabdomyosarcoma
growth was significantly abrogated after the blockade of CD8
mAb. These data suggest that APN deletion could negatively
regulate the anti-tumor effect of CD8+ T cells to directly suppress
rhabdomyosarcoma growth.

APN Deficiency Enhances the Immune
Response CD8+ T Cells
Weattempted to assess the immune status ofCD8+T cells inAPN−/−

mice with rhabdomyosarcoma. The gene expression of IFN-g,
perforin, Gzma, and CXCR3 in CD8+ T cells isolated from both
Frontiers in Oncology | www.frontiersin.org 3109
rhabdomyosarcoma-bearing wild-type and APN−/− mice were
quantified by RT-PCR. As shown in Figure 4A, CD8+ T cells
isolated from rhabdomyosarcoma-bearing APN−/− mice expressed
relatively higher IFN-g and perforin than those from
rhabdomyosarcoma-bearing wild-type mice. Further, we detected
CD8+IFN-g+ T cells in the spleen and lymph nodes of both
rhabdomyosarcoma-bearing wild-type and APN−/− mice using
flow cytometry. Consistent with the results of the RT-PCR,
CD8+IFN-g+T cells in the spleen and lymph nodes of
rhabdomyosarcoma-bearing APN−/− mice were markedly boosted,
compared with CD8+IFN-g+ T cells from rhabdomyosarcoma-
bearing wild-type mice (Figure 4B). Subsequently, we determined
the protein levels of IFN-g, perforin, TNF-a, and IL-10 in the serum
of both rhabdomyosarcoma-bearingwild-type andAPN−/−mice. As
expected, compared to wild-typemice with rhabdomyosarcoma, the
serum levels of IFN-g, perforin and TNF-a of rhabdomyosarcoma-
bearingAPN−/−miceweremuchhigher,whereas the level of IL-10 in
serum was much lower (Figure 4C). These findings indicate that
APN deletion significantly enhances CD8+ T cell activation
and cytotoxicity.

APN Deficiency Inhibits STAT3 Activation
in CD8+ T Cells
Since APN deletion greatly promotes CD8+ T cell activation and
enhances its cytotoxicity, we then explored the underlying
mechanism. As described previously, STAT3 activation has been
shown to inhibit the antitumor functions of CD8+ T cells in
A

B

C

FIGURE 2 | APN deficiency inhibits rhabdomyosarcom growth and increases the accumulation of CD8+ T cells in tumor mass, spleen and lymph nodes. (A) Tumor
size of wild type (WT) and in APN deficiency (APN−/−) mice (n=6 for each group). (B) CD8-positive cells in tumor mass (×200) (n=5 for each group). (C) The frequency
CD3+CD8+ T cells in the spleen and lymph nodes (n=4 for each group). Data are expressed as the mean ± SEM. *p<0.05, **p<0.01 and ***p<0.001.
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various cancers (18, 19). We detected the protein expression of
STAT3 in CD8+ T cells isolated from both rhabdomyosarcoma-
bearing wild-type and APN−/− mice. As shown in Figure 5, the
phosphorylation of STAT3 in CD8+ T cells from APN−/− mice
with rhabdomyosarcoma was significantly suppressed compared
to that in rhabdomyosarcoma-bearing wild-type mice, suggesting
that APN deficiency inhibited STAT3 activation in CD8+ T cells.
Subsequently, we administered the STAT3 inhibitor Stattic to
rhabdomyosarcoma-bearing wild-type mice, and observed a
remarkable tumor growth inhibition (Figure 6A), and the
frequency of CD8+ as well as CD8+IFN-g+ T cells in the spleen
and lymph nodes were markedly upregulated (Figures 6B, C).
These results all support the idea that APN deletion facilitates
CD8+ T cell activation via inhibiting STAT3.
DISCUSSION

Tumors have specific mechanisms that disrupt the T-cell
response. CD8+ T lymphocytes are central players in killing
malignant cells in cancer immune responses. During tumor
progression, CD8+ T lymphocytes are usually functionally
dysfunctional and exhausted in the tumor immunosuppressive
microenvironment. Therefore, exploring an effective way to
recover the anti-tumor function of CD8+ T lymphocytes will
contribute to the eradication of tumors. Our study clearly
indicated that APN deficiency could enhance the immune
response of CD8+ T lymphocytes to inhibit rhabdomyosarcoma
growth by suppressing STAT3 activation.

APN was initially found to effectively regulate the immune
response of innate immune cells in tumors. Tan et al. reported that
APN retarded the maturation of dendritic cells and subsequent
Frontiers in Oncology | www.frontiersin.org 4110
blunt antitumor immunity (7). Our previous study showed that
APN deletion could reprogram tumor-associated macrophages
into an M1-like phenotype to inhibit the growth of
rhabdomyosarcoma (17). In this study, we found in vitro
evidence supporting APN suppression of CD8+ T activation.
APN deletion in vivo significantly promoted the accumulation
of host CD8+ T cells in rhabdomyosarcoma tumor masses as well
as in spleen and lymph nodes, and this antitumor effect could be
abrogated by a CD8 mAb blockade. These findings indicate that
APN deletion could negatively regulate the tumor-killing function
of CD8+ T cells directly to suppress rhabdomyosarcoma. Notably,
this is the first study to elucidate the regulatory effect of APN on
CD8+ T lymphocytes.

It is well known that CD8+ T lymphocytes killing tumor cells are
mediated by exocytosis using cytotoxic granules perforin and
granzyme to directly destruct tumor cells, or by releasing cytokines,
such as IFN-g and TNF-a, to poison tumor cells indirectly (20). Our
present study indicated that APN deficiency conferred a higher
frequency of CD8+IFN-g+ T cells in the spleen and lymph nodes, as
well as higher levels of IFN-g, perforin, andTNF-a and lower levels of
IL-10 in the serum of rhabdomyosarcoma-bearing mice. These
findings clearly indicate that APN deficiency greatly enhanced the
capability of CD8+ T cells to kill tumor cells.

However, the underlying mechanism of APN deficiency in
promoting CD8+ T cell activation and cytotoxicity remains to be
explored. It has been reported that the expansion and cytolytic
activity of CD8+ T cells are closely related to STAT3 activation.
Kujawski et al. found that engineered STAT3−/− CD8+ T cells were
effective in infiltrating tumors and inhibiting their growth (21). Yue
et al. further revealed that silencing STAT3 in T cells allows CXCR3
(the receptor for CXCL10) to be expressed in CD8+ T cells, leading
to CD8+ T cells effectively accumulating at tumor sites (19).
FIGURE 3 | Blockage of CD8+ T cells impairs rhabdomyosarcom growth inhibition conferred by APN deficiency. MN/MCA1 cells were inoculated in APN−/− mice,
the CD8 mAb (5 mg/mice) were injected intraperitoneally to the mice every two days. Data are expressed as the mean ± SEM (n=6 for each group). Compared to
APN−/− mice, *p<.05 and **p<.01.
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Moreover,Wang et al. reported that p-STAT3was highly expressed
on circulating CD8+ T cells in peripheral blood fromhepatocellular
carcinoma (HCC) patients. Highly expressed p-STAT3 was
positively correlated to high levels of IL-4, IL-6, and IL-10, and
negatively correlated to low levels of IFN-g in the serum,whichmay
contribute to immune surveillance disability against tumor cells
(22). In the present study, we observed a lower expression of p-
STAT3 in CD8+ T cells isolated from rhabdomyosarcoma-bearing
APN−/− mice, which was also accompanied by higher IFN-g and
lower IL-10 in the serum. We also found that inhibition of STAT3
activation in vivo by STAT3 inhibitor greatly increased CD8+ and
CD8+IFN-g+ T cells in the spleen and lymph nodes of
rhabdomyosarcoma-bearing wild-type mice. These facts clearly
indicate that the STAT3 signaling pathway may partly contribute
to the effect of APN deficiency in promoting CD8+ T cell activation
and cytotoxicity.

In summary, this study demonstrated that APN deficiency
could promote CD8+ T cell activation and their cytotoxicity to
Frontiers in Oncology | www.frontiersin.org 5111
kill tumors via inhibiting the STAT3 signaling pathway, and
proved that targeting APN had potential in the treatment
of rhabdomyosarcoma.
MATERIALS AND METHODS

Animals and Tumor Models
C57BL/6 wild-type mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). APN
knockout mice with a C57/BL6 background were a kind gift from
Prof. AM Xu (The University of Hong Kong). The mice were
housed and bred in a specific pathogen-free/SPF environment
with a 12-h inverted light–dark cycle at a temperature of 23 ± 2°C.
Six-to-eight-week-old male offspring of C57BL/6 wild-type mice
and APN-/- mice were selected for the experiments. Soft tissue
sarcoma was established as described in our previous study (17).
A

B
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FIGURE 4 | APN deficiency enhances CD8+ T cells immune response. (A) mRNA expression of IFN-g, perforin, Gzma and CXCR3 in CD8+ T cells isolated from
rhabdomyosarcom-bearing wild-type and APN−/− mice (n=6 for each group). (B) The frequency CD3+CD8+IFN-g+ T cells in the spleen and lymph nodes of
rhabdomyosarcom-bearing wild-type and APN−/− mice (n=4 for each group). (C) The levels of IFN-g, perforin, TNF-a and IL-10 in the serum of rhabdomyosarcom-
bearing wild-type and APN−/− mice (n=6 for each group). Data are expressed as the mean ± SEM. *p<.05 and **p<.01.
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In brief, 1×105 MN/MCA1 cells were intramuscular injected into
the caudal thigh muscle of mice. The tumor mass was measured,
and the size was recorded twice a week. On day 21, the mice were
sacrificed. The experimental protocol in this study was approved
by the Animal Ethics Committees of Shenzhen University
(Shenzhen, China) accordance to the National Institutes of
Frontiers in Oncology | www.frontiersin.org 6112
Health guide for the Care and Use of Laboratory Animals
(Registration No. 2018020).

Purification and Stimulation of CD8+ T Cells
The CD8+ T cells were purified from the spleens of wild-type and
APN-/- mice after lysing red cells by positive selection using
FIGURE 5 | APN deficiency inhibits STAT3 activation in CD8+ T cells. MN/MCA1 cellswere inoculated in wild type (WT) and APN deficiency (APN−/−) mice, the CD8+

T cells were isolated from the spleen and lymph nodes after day 21. The expression of p-STAT3 was detected by western blot. Data are expressed as the
mean ± SEM (n=3 independent mice for each group). **p<.01.
A

B

C

FIGURE 6 | STAT3 inhibition suppresses rhabdomyosarcom growth and increases the accumulation of CD8+ and CD8+IFN-g+ T cells in the spleen and lymph
nodes. (A) Tumor size of wild type (WT), STAT3 inhibitor Stattic-treated WT (WT+iSTAT3) and APN deficiency (APN−/−) mice (n=6 for each group); compared to
APN−/− mice, *p < .05 and **p < .01; compared to WT mice, #p < .05 and ##p < .01. (B) The frequency CD3+CD8+ T cells in the spleen and lymph nodes of WT,
WT+iSTAT3 and APN−/− mice (n=4-5 for each group). (C) The frequency CD3+CD8+IFN-g+ T cells in the spleen and lymph nodes of WT, WT+iSTAT3 and APN−/−

mice (n=4-5 for each group). Data are expressed as the mean ± SEM. *p<.05 and **p<.01.
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immunomagnetic beads according to the manufacturer’s
instructions (CD8b [Ly-2] MicroBeads, Miltenyi). The purity
of CD8+ T cells was verified above 95% cutoff by FACS
determination using FITC-conjugated anti-CD8b antibody
(eBioscience). Purified CD8+ T cells were stimulated with or
without plate-bound anti-CD3 mAb (5 mg/mL) in combination
with anti-CD28 mAb (1 mg/mL), in the presence or absence of
APN (5mg/mL or a series of concentrations, as indicated).

Immunomodulatory Antibody
and Static Treatments
To examine the role of CD8+ T cells in APN deficiency-mediated
inhibition of rhabdomyosarcoma growth, anti-mouse CD8a
mAb (250 mg/mouse, BioXcell, West Lebanon, NH, USA)
dissolved in 0.1 mL normal saline was intravenously injected
into the tail of rhabdomyosarcoma-bearing APN−/− mice every
two days from day 7 to day 21. In the control mice, 0.1 mL of
normal saline was injected. To determine the effect of blocking
STAT3 signaling, STAT3 inhibitor stattic (10 mg/Kg, MCE, New
Jersey, USA) dissolved in 0.25 mL normal saline containing 40%
PEG400 and 1% dimethyl sulfoxide was intraperitoneally
injected into rhabdomyosarcoma-bearing wild-type mice every
two days from day 7 to day 21, according to previous reports (23,
24). In the control mice, 0.25 mL of normal saline containing
40% PEG400 and 1% dimethyl sulfoxide was injected.

Cell Viability and Proliferation Assay
Purified CD8+ T cells from the spleen of wild-type mice were
cultured in 96- or 24-well plates with a combination of plate-bound
anti-CD3 mAb (5 mg/mL) and anti-CD28 mAb (1 mg/mL), in the
presence of indicated concentrations of APN (0, 0.2, 1, and 5 mg/
mL). The cells were then incubated for 24 h at 37°C and 5% CO2.
Cell viability and proliferation were analyzed with a Cell Counting
Kit-8 (CCK8, Beyotime, Shanghai, China) and a 5-bromo2-deoxy-
uridine (BrdU) proliferation ELISA kit (Beyotime, Shanghai,
China), respectively, according to the manufacturer’s protocols.

Transwell Migration Assay
The migration assay was performed using a transwell chamber
(8µm;Corning). PurifiedCD8+Tcells (5×106/well) fromthe spleen
of wild-type mice were suspended in 100 µL medium were placed
into the top chamber, and 600 µL medium containing APN (5 mg/
mL) was added to the bottomwell. After 24 h of incubation, cells in
the bottom well were collected and counted using a Countess
automated cell counter (Thermo Fisher Scientific).

Immunohistochemistry Analysis
Immunohistochemistry was performed as previously described
(17). In brief, paraffin sections of tumors were cut at 4 mm
thickness and subjected to immunohistochemistry by heat-
induced epitope retrieval with citrate buffer (0.01 M, pH 6.0). The
sampleswere then treatedwith an endogenous peroxidase blocking
solution (Dako Corp., Carpinteria, CA) and 10% goat serum to
inhibit nonspecific binding. The tumor sections were incubated
overnight with CD8 antibody at 4°C. The signals were detected
using a VECTASTAIN Elite ABC Kit (Vector Laboratories,
Burlingame, CA) according to the manufacturer’s instructions.
Frontiers in Oncology | www.frontiersin.org 7113
Flow Cytometry Analysis
Thespleensand lymphnodeswere lightlygroundbetween the frosted
edges of two sterile glass slides, and the cell suspension was filtered
through the 70-µm cell strainer. Immunosubsets from tumors,
spleens, and lymph nodes were detected by flow cytometry (BD
Biosciences, San Jose, CA). The frequency of CD8+IFN-g+T cells was
assessed using intracellular cytokine staining. Purified cells were
stimulated with PMA (10 ng/mL) and ionomycin (1 mg/mL) for 4
h and incubated for the last 1 h with brefeldin A (10 mg/mL). Cells
were subjected to intracellular cytokine analysis using anti-IFN-g
antibody. The antibodies used for FACS included Pacific blue-
conjugated anti-CD3, APC-conjugated anti-CD8, and PE-
conjugated anti-IFN-g (eBioscience). The data were analyzed using
FlowJo software (TreeStar Inc., San Carlos, CA).
RNA Extraction and RT-PCR Analysis
The total RNA of the CD8+ T cells was extracted using TRIzol®

(Invitrogen) RNA extraction protocol. cDNA was synthesized
using a Reverse Transcription Kit (Takara, Osaka, Japan), and
quantitative real-time PCR was performed on an ABI 7500 Real-
Time PCR (RT-PCR) system using a SYBR Green Master Mix
(Applied Biosystems, Foster, CA, USA). Relative quantification of
mRNAexpressionwas normalizedwith b-actin and analyzed using
the delta-delta Ct (2-DDCT) method. Primer sequences (forward/
reverse) were listed as follows: m-AdipoR1, forward 5′-ACG TTG
GAG AGT CAT CCC GTA T-3′ and reverse 5′-CTC TGT GTG
GATGCGGAAGAT-3′; m-AdipoR2, forward 5′-GCCCAGCTT
AGA GAC ACC TG-3′ and reverse 5′-GCC TTC CCA CAC CTT
ACA AA-3′; m-IFN-g, forward 5′- GCC ACG GCA CAG TCA
TTGA-3′ and reverse 5′- TGCTGATGGCCTGATTGTCTT-3′;
m-perforin, forward 5′- CAA GGT AGC CAA TTT TGC AGC-3′
and reverse 5′- GTA CAT GCG ACA CTC TAC TGT G-3′; m-
CXCR3, forward 5′- TAC CTT GAGGTT AGTGAA CGT CA-3′
and reverse 5′- CGC TCT CGT TTT CCC CAT AAT C-3′; m-
Gzma, forward 5′- TAC CTT GAG GTT AGT GAA CGT CA-3′
and reverse 5′-TGC TGCCCA CTG TAA CGT G-3′; m-b-actin,
forward5′-TGTCCACCTTCCAGCAGATGT-3′ and reverse 5′-
AGC TCA GTA ACA GTC CGC CTA GA-3′.

ELISA and Western Blotting
The levels of IFN-g, perforin, TNF-a, and IL-10 in the serum were
measured by ELISA (BDBioscience, San Jose, CA) according to the
manufacturer’s instructions. Western blotting was performed as
previously described (23). Proteins were extracted from CD8+ T
cells in the presence of a cocktail of phosphatase inhibitors and
phenylmethylsulfonyl fluoride (PMSF) (Roche Applied Science,
Branford, CT, USA), resolved,separated by 8–10%SDS-PAGE, and
transferred to PVDF membranes. The membranes were then
probed with the primary antibodies against p-STAT3 and
GAPDH (Cell Signaling Technology, Beverly, MA, USA).
Following incubation with the corresponding horseradish
peroxidase-conjugated secondary antibodies, the protein bands
were visualized with enhanced chemiluminescence reagents
(Thermo Scientific, Rockford, IL, USA), detected using the ECL
system, and the band intensitywasmeasured using ImageJ software
(National Institutes of Health, Bethesda, Maryland, USA).
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Statistical Analysis
GraphPad Prism 5.0 software (GraphPad Software Inc., San Diego,
CA, USA) was used for all calculations. The results are expressed as
the mean ± standard error of the mean (SEM). Comparisons
between two groups were performed using a two-tailed Student’s
t-test, and comparisons between multiple groups were performed
usingone-wayANOVA, followed byDuncan’smultiple range tests.
A p <.05 was considered statistically significant.
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Pediatric central nervous system (CNS) tumors are the second most common cancer
diagnosis among children. Long noncoding RNAs (lncRNAs) emerge as critical regulators
of gene expression, and they play fundamental roles in immune regulation. However,
knowledge on epigenetic changes in lncRNAs in diverse types of pediatric CNS tumors is
lacking. Here, we integrated the DNA methylation profiles of 2,257 pediatric CNS tumors
across 61 subtypes with lncRNA annotations and presented the epigenetically regulated
landscape of lncRNAs. We revealed the prevalent lncRNA methylation heterogeneity
across pediatric pan-CNS tumors. Based on lncRNA methylation profiles, we refined 14
lncRNA methylation clusters with distinct immune microenvironment patterns. Moreover,
we found that lncRNA methylations were significantly correlated with immune cell
infiltrations in diverse tumor subtypes. Immune-related lncRNAs were further identified
by investigating their correlation with immune cell infiltrations and potentially regulated
target genes. LncRNA with methylation perturbations potentially regulate the genes in
immune-related pathways. We finally identified several candidate immune-related lncRNA
biomarkers (i.e., SSTR5-AS1, CNTN4-AS1, and OSTM1-AS1) in pediatric cancer for
further functional validation. In summary, our study represents a comprehensive repertoire
of epigenetically regulated immune-related lncRNAs in pediatric pan-CNS tumors, and will
facilitate the development of immunotherapeutic targets.

Keywords: pediatric tumors, immune pathways, cancer subtypes, long non-coding RNAs, DNA methylation
INTRODUCTION

Pediatric central nervous system (CNS) tumors are the second most common cancer among
children (1), which form a heterogeneous group of tumors and are responsible for the highest
number of cancer-related deaths in children (2). Genomic studies have revealed a number of
genomic variants across new diagnoses as well as relapsed pediatric cancers (3, 4). It is now well
established that high-throughput next-generation sequencing (NGS) approaches add significant
value for cancer diagnoses and prognostic and therapeutic targets (5, 6). However, the discovery of
pediatric cancer-associated alterations has primarily focused on genetic variants. Epigenome
org May 2022 | Volume 13 | Article 8539041116
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alterations that contribute to deregulate transcription and
promote oncogenic pathways in pediatric cancer are still
largely unknown.

DNAmethylation has a substantial impact on gene expression,
affecting the development and progression of cancer (7). Emerging
NGS technologies have increased our understanding of the DNA
methylation in pediatric cancer biomarker identification, subtype
classification, and prognostication (8). For example, the
methylation age has been found to have potential as a
prognostic biomarker in pediatric tumors (9). Genome-wide
DNA methylation studies have identified hyper-methylated
genes involved in tissue development in pediatric embryonic
and alveolar rhabdomyosarcomas (10). DNA methylation
profiles have been widely used to sub-classify CNS tumors,
including pediatric cancer (11). These data highlight the
important roles of DNA methylation in diverse pediatric CNS
tumors. However, the majority of these studies focused on the
DNA methylation perturbation in protein-coding genes,
particularly the promoter regions.

Deep sequencing with new computational approaches for
assembling transcriptome has identified tens of thousands of
long noncoding RNAs (lncRNAs) across different tissues and cell
types (12, 13). LncRNAs have been found to play important roles
in diverse pediatric cancers. HOXD-AS1 was found to control
the expression levels of clinically significant protein-coding genes
involved in angiogenesis and inflammation in neuroblastomas
(14). Linc-NeD125 can function independently of the hosted
microRNA, by reducing cell proliferation and activating BCL-2
in neuroblastomas (15). Moreover, DNA methylation has been
found to be a fundamental feature of epigenomes that can affect
the expression of lncRNAs (16). Although several lncRNA
methylation perturbations have been revealed in pediatric
cancer, we still lack knowledge on the epigenetic landscapes of
lncRNAs in diverse pediatric CNS tumors.

Moreover, immune therapy is an attractive alternative approach
for targeting CNS tumors. Several studies have revealed the complex
tumor immune microenvironment (TIME) in CNS tumors. For
instance, tumor-associated macrophages make up a large
proportion of immune cells in glioma patients and are associated
with tumor grade (17). Activation of CD8 T cells can establish a
neuron–immune–cancer axis, which was responsible for glioma
growth (18). A recent study described the TIME of pediatric CNS
tumors and identified tumor-specific immune clusters with
phenotypic characteristics relevant to immunotherapy response
(19). Furthermore, lncRNAs have been demonstrated to play
important roles in cancer immunology (20–22). However, only a
few immune-related lncRNAs have been identified in pediatric CNS
tumors. Therefore, further studies on lncRNAs and their roles in
immune regulation will be essential to identify immunotherapy
targets in pediatric cancer.

To systematically analyze the epigenetically regulated
lncRNAs across pediatric CNS tumors, we integrated the DNA
methylation profiles of 2,257 pediatric CNS tumors across 61
subtypes. We revealed prevalent lncRNA methylation and
further classified pediatric cancer into 14 lncRNA methylation
clusters, which were characterized by distinct phenotypes.
Frontiers in Immunology | www.frontiersin.org 2117
We also found that lncRNA methylations are significantly
correlated with immune cell infiltrations and potentially
regulate immune-related pathways. We show that analysis of
lncRNA methylation can identify immune-related lncRNA
biomarkers in pediatric cancers.
MATERIALS AND METHODS

DNA Methylation Across Pediatric Tumors
DNA methylation profiles across pediatric CNS tumors were
collected from Gene Expression Omnibus (GEO) and
ArrayExpress (Table S1). Here, an Illumina HumanMethylation
450 BeadChip was used for profiling the DNA methylation in
pediatric cancers (19). In total, genome-wide DNA methylation
profiles of 2,257 pediatric CNS tumors (age < 19 years old) across
61 World Health Organization (WHO) histopathological entities
were extracted. To include the comprehensive pediatric cancer
samples, we included all patients in our analysis. The raw “.idat”
files were background-corrected, single-sample Noob and functional
normalized (23) based on the “preprocessFunnorm” module in the
minfi v.1.34.0 package (24).

LncRNA Annotations and Genomic
Features
Genome-wide annotations of lncRNAs were downloaded from
GENCODE (V34, GRCh38) (25). The numbers of exons for
lncRNAs were calculated based on exon annotation of lncRNAs.
The evolutionary conservation scores for lncRNAs were obtained
using the phastCons100way.UCSC.hg38 (3.7.1) R package (26).
The GC content and normalized CpG fraction (observed CpG/
expected CpG) were calculated based on the sequences of
lncRNAs, where the expected CpG was calculated as (GC
content/2)2 (27).

LncRNA Methylation
The genomic locations of DNA methylation probes were first
transferred from GRCh37 to corresponding coordinates in
GRCh38 through UCSC LiftOver (https://genome.ucsc.edu/cgi-
bin/hgLiftOver). Next, the probes were filtered similar to one of
the previous studies (11). First, the probes that were located on
chromosomes X and Y were excluded. Next, the probes that
included a single-nucleotide polymorphism (SNP) and those not
mapping uniquely to the CRCh37 were excluded. In addition, we
excluded probes that were not included in the Illumina
EPIC array.

Next, we mapped the probes to the promoter regions of
lncRNAs and protein-coding genes. Promoter regions were
defined as the 4-kb regions centered at the transcriptional start
sites (TSSs) of lncRNAs and genes (28, 29). In total, 56,072 and
156,664 probes were mapped to 9,389 and 17,762 protein-coding
genes, respectively.

Classification of LncRNAs
The DNA methylation levels of lncRNAs were calculated as the
average beta values of probes that mapped to the promoter
May 2022 | Volume 13 | Article 853904
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regions (30). Next, lncRNAs were classified into three categories:
(i) hyper-methylated lncRNAs were defined as those with
methylation levels > 0.7 in more than 80% samples; (ii) hypo-
methylated lncRNAs were defined as those with methylation
levels < 0.3 in more than 80% samples; and (iii) other lncRNAs
not in the hyper- or hypo-methylated group were defined as
inter-methylated lncRNAs.

The genomic differences (such as GC contents and
normalized CpG fractions) among three lncRNAs groups were
evaluated by Kolmogorov–Smirnov tests. Differences in
conservation scores, number of CpGs, and exons were
evaluated by Wilcoxon’s rank sum tests.

Identification of Tumor Subtypes Based on
LncRNA methylation
First, we selected the top 5% probes with high variation (S.D. >
0.267) that mapped to lncRNA promoters. The DNA methylation
profiles of variable CpG sites were used for clustering the pediatric
CNS tumor samples. The ConsensusClusterPlus package was used
to identify the cancer subtypes (31), with 50 iterations and a
resample rate of 0.8. The number of clusters ranged from k = 2 to
60. In addition, Pearson correlation coefficient was calculated for
paired samples based on the DNA methylation profiles.

Likelihood Ratio Test
The Cox proportional hazards model was first constructed based
on clinical features, including gender and age. Next, another two
models that added WHO catalogs and lncRNA-based subtypes
were used. Clinical clusters represent the Cox model constructed
by gender and age. Original clusters represent the Cox model
constructed by gender, age, and WHO category. LncRNA
clusters represent the Cox model constructed by gender, age,
WHO category, and lncRNA clusters. We estimated the
likelihood ratio (LR) statistic of three regression models and
the changes in LR were assessed by Chi-square test (32).

Immune Cell Infiltration in
Pediatric Tumors
To estimate the immune cell infiltration in pediatric tumors, we
first downloaded the signature matrix “StromalMatrix_V2” from
MethyCIBERSORT (33). CpG signatures were provided for
CD14+ (monocyte lineage), CD19+ (B-lymphocytes), effector
lymphocytes (CD4_Eff), CD56+ (NK cells), CD8 (cytotoxic T-
lymphocytes), endothelial cells, eosinophils (Eos), fibroblasts,
neutrophils (Neu), and regulatory T lymphocytes (Treg). Next,
the DNA methylation profiles were subjected into CIBERSORT
with the DNA methylation signature (34). CIBERSORT was run
based on 100 permutations without quantile normalization.

Immune Signatures
The immune signatures gene sets, including immune
checkpoints, immune cytolytic activity (CYT), human
leukocyte antigen (HLA), interferon (IFN) response, and
tumor-infiltrating lymphocytes (TILs), were obtained from a
previous study (35). In addition, 301 CpG probes that could
predict the response to anti-PD-1 treatment in non-small cell
Frontiers in Immunology | www.frontiersin.org 3118
lung cancer were collected (36). Another 67 immune cell type-
specific gene–CpG pairs for 21 immune cell populations were
collected from literature (37). The average methylation levels of
related genes were used to estimate the DNAmethylation activity
of immune signatures. All CpG sites related to immune
signatures are provided in Table S2.

Identification of Immune Cell Infiltration-
Related LncRNAs
To identify immune cell infiltration-related lncRNAs, we
calculated the Spearman correlation coefficient (SCC) between
immune cell infiltration levels and lncRNA methylation in a
specific pediatric CNS tumor subtype. LncRNAs with absolute
SCC > 0.3 and p-adjusted < 0.05 were considered as immune cell
infiltration-related lncRNAs.

Identification of LncRNAs Associated
With Immune-Related Pathways
First, 1,811 protein coding genes involved in 17 immune-related
pathways were obtained from one of our previous studies (20).
Next, we identified the protein-coding gene within 10 kb for each
immune cell infiltration-related lncRNA based on genomic
locations. If the protein-coding gene within 10 kb was
annotated in immune-related pathways, we considered this
lncRNA to be involved in the regulation of immune-
related pathways.

Differential Methylation and
Survival Analysis
We compared the DNA methylation differences of lncRNAs
based on t-test in a “one vs. rest” way. LncRNAs with an absolute
value of methylation difference greater than 0.2 and a p-value less
than 0.05 were considered to be differentially methylated.

Tumor samples were divided into two groups based on the
DNA methylation level of lncRNAs. The cutoff was determined
by the internal R function “survminer: surv_cutpoint”. The
difference in overall survival between two groups was assessed
by the log-rank test.
RESULTS

Landscape of LncRNA Methylation in
CNS Tumors
To investigate the methylation of lncRNAs, we obtained the
genome-wide DNA methylation profiles for 2,257 pediatric
tumor samples. In order to account for molecular or
histological subtypes, these samples were further stratified into
a total of 12 main classes, including 61 WHO-defined CNS
tumor subtypes (Figure 1A), as previously defined (11). Next, we
determine lncRNA methylation in cancers and classified
lncRNAs into three categories according to the methylation
profiles of pediatric tumors (Figure 1B). Approximately 30%
of lncRNAs exhibited hyper-methylation and 40% of lncRNAs
exhibited hypo-methylation across cancer subtypes (Figure 1B).
May 2022 | Volume 13 | Article 853904
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Since genes or lncRNAs with distinct methylation patterns
exhibited different genomic characteristics (30, 38), we next
compared the genomic and evolutional features of lncRNAs in
three categories. We found that the enrichment of GC content
and CpGs in all three types of lncRNAs is symmetric and peaks
around the core lncRNA promoters (Figures 1C, D). In addition,
hypo-methylated lncRNAs had significantly higher GC content
and number of CpGs than the other two categories
(Figures 1C, D, p < 0.001). As the number of CpGs might be
affected by the length or GC content of lncRNAs, we thus
calculated the normalized CpGs of lncRNAs. We found that
hypo-methylated lncRNAs also had significantly higher
normalized CpGs than the other two groups (Figure 1E, p-
values < 0.001). These results were consistent with observations
in protein-coding genes that high-CpG-content genes are hypo-
methylated (27).

While lncRNAs exons are much less conserved than protein-
coding genes (12), it is unknown whether the lncRNAs with
different methylation patterns evolve in a distinct way. First, we
compared the number of exons in lncRNAs and found that
hypo-methylated lncRNAs had more exons than other lncRNAs
(Figure 1F, p-values < 0.001). To quantify the evolutionary
conservation of lncRNA promoters, we used phastCons scores
of placental mammals (26). We compared the average
conservation score of lncRNAs and found that hypo-
methylated lncRNAs had significantly higher conservation
Frontiers in Immunology | www.frontiersin.org 4119
scores (Figure 1G, p-values < 0.001). Similarly, we obtained
the same results when we analyzed the pediatric cancer
individually (Figure S1).

LncRNA Methylation Heterogeneity in
CNS Tumors
Previous studies have reported substantial variability in the
histopathological diagnosis of many CNS tumors (39). We next
investigated the extent of the lncRNA methylation heterogeneity in
pediatric CNS tumors. Consensus clustering of lncRNAs with
variable DNA methylation identified 14 optimal subtypes that we
refer to as C1–C7 and C9–C15 (Figure 2A and Figure S2,Table S3).
Moreover, we visualized the Pearson correlation coefficient (PCC) of
lncRNAmethylations among tumor patients and found that patients
clustered in the same clusters exhibited higher similarity in lncRNA
methylation (Figure 2B). We next analyzed the compositions of
cancer types in 14 lncRNA methylation clusters. Patients in several
lncRNA clusters (i.e., C2, C3, C4, and C12) predominantly had an
individual cancer type, while patients in C1, C5, C10 and C13 diverse
types of pediatric cancer (Figure 2C). In particular, the patients in C1
were much heterogeneous, including 652 patients from 48
cancer types.

We next sought to characterize a more refined lncRNA
methylation pattern in a single tumor type. We focused on
medulloblastoma, which was classified into four subtypes (Group
3, Group 4, SHH, and WNT) in a previous study (40). We found
A

B

D

E F

G

C

FIGURE 1 | LncRNA methylation patterns in pediatric pan-CNS tumors. (A) Number of tumor samples across different types of pediatric CNS tumors. The patients were
classified into 12 major clusters with 61 sub-clusters. (B) Method to define the lncRNAs with different methylation patterns. The bar plots in the lower third show the proportion
of lncRNAs with different methylation patterns across cancer types. (C) Distributions of GC content around the TSSs for lncRNAs with different methylation patterns. (D) Box
plots showing the number of CpGs in lncRNA promoters with different methylation patterns. (E) Distributions of normalized CpG around the TSSs for lncRNAs with different
methylation patterns. (F) Box plots showing the number of exons in lncRNAs for lncRNAs with different methylation patterns. (G) Box plots showing the average conservation
scores in lncRNA promoters with different methylation patterns. *** indicates p < 0.001.
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that although the majority of patients in original clusters were
classified into the same lncRNA methylation clusters, different
lncRNA methylation characteristics were found in the patients of
Group 3 (Figure 2D). The heat map corresponding to the lncRNA
methylation clusters was generated, and we found that lncRNAs
exhibited distinct methylation across clusters (Figure 2E).

To investigate whether the difference in lncRNA methylation
pattern had clinical implications, we next performed Kaplan–Meier
survival analysis. We found that the medulloblastoma patients in
different lncRNA methylation clusters had significantly higher
survival rates (Figure 2F, log-rank p = 0.00028). Moreover, we
obtained similar results in another cancer type (Figure S3). However,
it is not yet clear whether lncRNA methylation can provide
additional prognostic power beyond original cancer types and
clinical features. We thus performed a multivariate Cox
proportional hazards analysis (32). In this model, we included age,
sex, and original cancer types. As a result, we observed a large
increase in the predictive fit by considering the lncRNA methylation
(Figure 2G, p = 1.28E-4 and 0.036, Chi-square test), supporting the
clinical value of lncRNA methylation patterns in cancer.

Immune Microenvironment Patterns of
LncRNA CNS Subtypes
Detailed studies on the TIME are being conducted to uncover the
underlying mechanisms of cancer (19). We next estimated the
Frontiers in Immunology | www.frontiersin.org 5120
relative proportion of immune cells of patients by
methylCIBERSORT (33). In general, we found that there were
relatively high proportions of endothelial and fibroblast cells
across all pediatric CNS tumors (Figure 3A). Moreover,
individual lncRNA methylation subtypes varied significantly in
the relative proportion of infiltrating cell types (Figure 3B).
Moreover, we also investigated the immune signature scores and
observed high variations among different lncRNA methylation
clusters (Figure 3B).

For instance, a higher proportion of CD4_Eff was observed in
C6 and C3 while limited CD4_Eff was infiltrated in C2 and C4
(Figure 3C). No CD4_Eff was infiltrated in C5, C12, and C15
clusters. These observations were consistent with the result that
patients in C6 and C3 had better survival than those in C2 and
C4 (Figure 2F). Although patients in the majority of clusters had
a higher infiltration of fibroblast, C5, C9, C12, and C3 patients
had a relatively limited infiltration of fibroblast (Figure 3C). In
contrast, Treg cells were highly infiltrated in patients of C5
(Figure 3B) and the methylation of immune-related signatures
was also relatively higher in C5. These observations suggested
that regulatory T cells might oppose the recovery of nerve injury
or psychological stress in CNS, which is consistent with the result
of a recent study (41). Regulatory T cells have been demonstrated
to counteract neuropathic pain through inhibition of the Th1
response at the site of peripheral nerve injury (42). Increased
A B

D E F G

C

FIGURE 2 | LncRNA methylation heterogeneity in pediatric pan-CNS tumors. (A) Unsupervised clustering of tumor samples using tSNE dimensionality reduction. Individual
samples are color-coded in the respective class color. (B) Heat maps showing the correlations of lncRNA methylation among tumor samples. Two representative examples
were shown in the right side. (C) Bar plots showing the proportion of cancer types in each lncRNA methylation cluster. (D) Alluvial diagram of lncRNA methylation clusters in
groups with different molecular subtypes. (E) Heat maps showing the methylation of lncRNAs in different clusters. (F) Kaplan–Meier curves of overall survival for patients with
lncRNA methylation clusters. (G) The estimated log-likelihood ratio statistic of a Cox proportional hazards model. The change of LR statistic as features were added to the
model was assessed for significance by Chi-square tests. Clinical clusters represent the Cox model constructed by gender and age. Original clusters represent the Cox model
constructed by gender, age, and WHO category. LncRNA clusters represent the Cox model constructed by gender, age, WHO category, and lncRNA clusters.
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percentages of regulatory T cells have been associated with
inflammatory and neuroendocrine responses to acute
psychological stress (43).

We next investigated the DNA methylation of immune-
related signatures and found that the marker genes exhibited
diverse DNA methylation across clusters (Figure 3D). To
systematically identify the pathways regulated by DNA
methylation, we identified the quantitative differentially
methylated regions (QDMRs) (44, 45). Functional enrichment
analysis revealed that genes with differentially methylated
patterns were significantly enriched in nervous system-related
functions (Figure S4). For instance, genes in C7 clusters were
enriched in “Fc gamma R-mediated phagocytosis” and “TNF
signaling pathway”. Genes in C4 were associated with gliogenesis
(Figure S4). Together, these results suggested the diverse
immune microenvironment patterns of lncRNA pediatric
CNS subtypes.

LncRNA Methylation Associated With
Immune Cell Infiltration
LncRNAs are emerging as critical regulators of gene expression
and they play fundamental roles in immune regulation (20, 28).
It is not clear to what extent lncRNA methylations were
associated with immune cell infiltration, particularly in
pediatric CNS tumors. We thus evaluated the correlation
Frontiers in Immunology | www.frontiersin.org 6121
between lncRNA methylation and immune cell infiltrations in
each cluster by Spearman correlation coefficient (SCC). In total,
we identified 260 to 6,510 lncRNAs, whose methylations were
correlated with immune cell infiltration, across 14 clusters
(Figure 4A). The number of positively correlated lncRNAs was
nearly the same as that of the negatively correlated ones. We next
analyzed the correlation by immune cell types and found that
lncRNA methylation correlated with immune cell infiltration
and exhibited a complex pattern across clusters (Figure 4B). In
general, we identified that lncRNA methylation correlated with
diverse immune cell type infiltration in the majority of clusters.
However, the majority of lncRNA methylation correlated with
CD8 T-cell infiltration in C9 (Figure 4B). LncRNA methylation
mainly correlated with CD56 and CD4_Eff in C10 and
C11 (Figure 4B).

In total, we identified 6,901 lncRNAs in which methylation
was correlated with at least two types of immune cells
(Figure 4C). In particular, 32 lncRNAs were correlated with 10
immune cell infiltrations (Figure 4D). Interestingly, we found
that methylations of these lncRNAs were almost positively
correlated with CD8 and CD14 infiltration levels. Next, we
further explored the methylation patterns of lncRNAs that
were correlated with immune cell infiltrations. We found that
hypo-methylated and hyper-methylated lncRNAs were more
likely to be correlated with immune cell infiltrations in several
A

B

D

C

FIGURE 3 | TIME heterogeneity in pediatric pan-CNS tumors. (A) The proportions of immune cell-type infiltrations across lncRNA methylation clusters. (B) Heat maps
showing the average immune cell infiltrations and immune signature scores across lncRNA methylation clusters. p-values were for ANOVA tests. (C) Violin plots showing
the levels of immune cell infiltrations across lncRNA clusters. Left for CD4_Eff cells and right for fibroblast. (D) Heat maps showing the relative methylation of immune cell-
type marker genes across patients in different lncRNA clusters. Genes were colored based on the immune cell types.
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clusters when compared with inter-methylated ones (Figure 4E),
such as in C3 and C4. In particular, we found that hypo-
methylated lncRNAs were more likely to be correlated with
CD56 and CD8 infiltrations in C2 (Figure 4F, p-values <
0.05). Moreover, we explored the DNA methylation level of 32
lncRNAs in different clusters. We found that AL121672.3,
MIRLET7BHG, PRR34, and PRR34-AS1 were hyper-
methylated in C5 (Figure S5). LINC00398 was hyper-
methylated in C7 and AC012508.1 and AC012508.2 were
hyper-methylated in C9. The nearest protein-coding genes of
the 32 lncRNAs were enriched in regulation of the muscle system
process, negative regulation of the small-molecule metabolic
process, and positive regulation of cell death (Figure S5).

To investigate the immune regulation of lncRNA
methylation, we further analyzed the correlation in
medulloblastoma. We identified that SSTR5-AS1 methylation
was correlated with endothelial infiltration (Figure S6). By
integrating DNA methylation and expression profiles, we
Frontiers in Immunology | www.frontiersin.org 7122
found that SSTR5-AS1 was hypo-methylated and highly
expressed in C3 (Figure 4G). Moreover, the potential target
gene SSTR5 also exhibited significantly higher expression in
patients of C3 (Figure 4G, p = 0.0027), which had relatively
lower endothelial infiltration (Figure 4G, p = 1.74E-71). These
observations suggested that lncRNA methylation might repress
the expression of lncRNA first, further decrease the expression of
the target gene, and finally repress the immune cell levels. Indeed,
it has been demonstrated that SSTR5 can significantly reduce
endothelial cell proliferation (46). Moreover, we also identified
several lncRNAs that exhibited significantly lower (i.e.,
LINC01088) or higher (i.e., AC005237.1 and AC004594.1)
expressions in endothelial cells based on single-cell data
(Figure 4H) collected from one recent study (47). Taken
together, these results suggest that prevalent lncRNA
methylations were associated with immune cell infiltration,
which plays important roles in TIME regulation in pediatric
CNS tumors.
A

B D
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F

G H

C

FIGURE 4 | LncRNA methylations correlated with immune cell infiltrations in cancer. (A) Bar plots showing the number of lncRNAs in which methylation correlated with
immune cell infiltrations across lncRNA clusters. Red for positively correlated lncRNAs and blue for negatively correlated lncRNAs. (B) Heat maps showing the number of
lncRNAs in which methylation correlated with different types of immune cell infiltrations across lncRNA clusters. (C) Number of lncRNAs that correlated with different
numbers of immune cell types. (D) Balloon plots of correlation between lncRNA methylation and immune cell infiltration. The colors of the balls represent the correlations
and sizes represent the –log10(p-values). (E) Balloon plots showing the enrichment of lncRNAs with different methylation patterns. Balls were colored according to the
immune cell types and significant enrichments were colored by dark black margins. (F) The proportion of lncRNAs correlated with immune cell infiltrations with different
methylation patterns. (G) Box plots showing the distribution of methylation, expression, and infiltration of endothelial cells in different lncRNA clusters. (H) Violin plots
showing the expression of lncRNAs in different immune cells based on single-cell sequencing data.
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Immune-Related LncRNAs Associated
With Cancer Subtypes
To gain insight into the function of lncRNA methylation in
immune regulation, we next focused on 17 immunologically
relevant gene sets representing distinct immune pathways
derived from recent studies (20, 48). We used the protein-
coding gene within 10 kb from lncRNAs that were correlated
with immune cell infiltrations to predict their functions. We
found that the lncRNAs potentially regulate a number of genes in
immune-related pathways (Figure 5A). In particular, the
majority of cytokines and cytokine receptors were regulated by
Frontiers in Immunology | www.frontiersin.org 8123
lncRNAs. Next, we analyzed the methylation patterns of
immune-related lncRNAs in 14 clusters. We found that there
were high numbers of lncRNAs in C5 and C6 clusters, which
were mainly hypo-methylated lncRNAs in C6 (Figure 5B).

Our previous study has demonstrated that if the lncRNAs can
regulate more immune-related pathways, they are more likely to
be involved in cancer (20). We next calculated the number of
pathways regulated by immune cell infiltration-related lncRNAs.
We found that the majority of lncRNAs potentially regulate one
or two immune-related pathways and 9 lncRNAs can regulate
more than three pathways (Figure 5C). In particular, we
A B

D E

F G IH

C

FIGURE 5 | LncRNA methylation involved in immune-related pathways. (A) Bar plots showing the number of genes regulated by lncRNAs in each immune-related
pathway. The green bars are for lncRNA regulated genes and gray bars are for other genes. (B) Bar plots showing the number of immune-related lncRNAs identified
in each lncRNA methylation cluster. Red for hyper-methylated lncRNAs, blue for hypo-methylated lncRNAs, and green for inter-methylated lncRNAs. (C) Number of
lncRNAs that potentially regulate different numbers of immune-related pathways. (D) Heat maps showing the differential methylation of lncRNAs across different
clusters. The colors represent the difference in DNA methylation levels and “+” indicates that b > 0.2 and p < 0.05, while the circles indicate that this lncRNA can
potentially regulate immune-related pathways. (E) Pie charts showing the correlation of lncRNA methylation and immune cell infiltrations in different clusters. The
order of the immune cells in the pie is shown in the left side. Right-side heat map showing whether the lncRNA can regulate the corresponding immune-related
pathway. (F) Violin plots showing the methylation levels of CNTN4-AS1 in C14 and other clusters. (G, H) Scatter plots showing the correlation between methylation
of CNTN4-AS1 and infiltration of immune cells. (G) for endothelial and (H) for Treg cells. (I) Kaplan–Meier curves of overall survival for patients with high or low
CNTN4-AS1 methylation.
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identified that IFNG-AS1 can regulate 7 immune-related
pathways. The lncRNA IFNG-AS1 was found to strongly
influence the responses to several pathogens by increasing
interferon gamma (IFNg) secretion (49). IFNG-AS1 is as an
important regulator of IFNG expression, which was involved in
dynamic and cell state-specific responses to infection (50). These
results suggest that the immune-related lncRNAs play important
roles in cancer.

Next, we used the “one vs. rest” method to identify the
differentially methylated lncRNAs in each cluster. We
identified 81 immune-related lncRNAs that were differentially
methylated across 14 clusters (Table S4). In particular, we found
that there were 17 immune-related lncRNAs reported in
literature (Figure 5D). Moreover, we collected genome-wide
DNA methylation from normal controls and compared the
methylation level of hub lncRNAs between the CNS tumors
and normal tissue. We found that SSTR5-AS1, LIMS1-AS1,
MCHR2-AS1, AC116913.1, LINC00689, and TGFB2-OT1
exhibited significantly differential methylation in cancer
(Figure S7, Wilcoxon’s rank sum test p-values < 0.05). The
methylations of these lncRNAs were correlated with diverse
immune cell infiltrations across 14 clusters, and they can
potentially regulate genes in immune-related pathways
(Figure 5E). We also analyzed the methylation of the genes
potentially regulated by lncRNAs and found that the methylation
alterations of SSTR5, ELN, MCHR2, PDYN, and TAPBPL were
consistent with lncRNAs (Figure S8). Next, we investigated to
what extent the methylations of lncRNAs were associated with
drug treatment response. We first obtained the DNA
methylation of lncRNAs of brain tumors from the TCGA
cohort. We found that the methylation levels of 12 hub
lncRNAs were associated with the drug treatment response
(Figure S9, Kruskal–Wallis test p-values < 0.05). These results
suggest that these immune-related lncRNAs might be used for
further functional investigation in pediatric CNS tumors.

In particular, we identified the lncRNA CNTN4-AS1, which
was involved in neuronal differentiation and gliomagenesis
(51). We found that CNTN4-AS1 exhibited significant hypo-
methylation in C14 (Figure 5F and Figure S10, p = 3.65E-20),
which was mainly formed by IDH wild-type glioma patients.
The methylation of CNTN4-AS1 was correlated with
endothelial and Treg infiltrations in the C14 cluster
(Figures 5G, H). We also found that CNTN4-AS1 can
regulate IL5RA (Figure S10), which plays important roles in
the cytokine signaling pathway (52). In addition, we found that
high methylation of CNTN4-AS1 was associated with better
survival of pediatric glioma patients (Figure 5I, log-rank p =
0.028). These results suggest that CNTN4-AS1 methylation
may be a potential biomarker for pediatric CNS tumor
subtypes. We also identified several other biomarkers for
pediatric tumor subtypes, such as OSTM1-AS1 and
AC116913.1 (Figures S10–S12). The methylation level of
OSTM-AS1 was correlated with immune cell infiltration in
C1, C2, C4–C6, C7, and C12–C14 and altered in C5, C7, and
C13 (Figures S10 and S11). OSTM-AS1 could potentially
target NR2E1 and regulate the cytokine receptor pathway.
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The methylation level of AC116913.1 was correlated with
immune cell infiltration in C2, C4–C7, C11, C13, and C14
and changed in C5, C7, and C11. AC116913.1 could potentially
target MP5K1 and regulate the antimicrobials and natural killer
cell cytotoxicity pathways (Figure S8). All the methylation
levels of these lncRNAs were associated with the survival of
pediatric gliomas (C7 and C14) (Figures S10–S12). We have
also explored the DNA methylation level of these three
lncRNAs by integrating the GBM and LGG cancer types from
TCGA cohorts. We found that these lncRNAs were all hyper-
methylated in adult CNS tumors, and the higher methylation
level could predict a better overall survival (Figure S13).
DISCUSSION

Epigenetic factors tightly regulate the expression of lncRNAs,
which play important roles in cancer development and
progression (53). We have demonstrated that lncRNAs
exhibited distinct methylation patterns (hyper-, hypo-,
and inter-methylated lncRNAs) across pediatric CNS
tumors. These lncRNAs had significant genomic features,
including GC content, CpG content, number of exons, and
conservation. In addition, we have performed lncRNA
methylation-based pediatric pan-CNS tumor classification,
which will be a valuable asset for clinical decision-making. In
particular, we redefined four clusters of medulloblastomas that
have different clinical implications. Integrating the lncRNA
methylation information can provide additional power for
clinical diagnosis.

Moreover, we estimated the TIME of pediatric pan-CNS
tumors and found that patients in distinct lncRNA
methylation clusters exhibited high heterogeneity in TIME. We
demonstrated significant association with lncRNA methylation
and immune cell infiltrations across lncRNA clusters. Our results
are broadly in accordance with the small number of recent
studies on immune infiltration in pediatric CNS tumors (54,
55). We also show that lncRNA clusters are clearly related to the
expression of conventional immune targets, such as PDL1, CYT,
and IFN. All these studies suggest the important differences in
TIME across pediatric brain tumors.

We next explored the associations between lncRNA
methylation and immune cell infiltrations. We found that
lncRNA methylation was associated with diverse immune cell
infiltrations across pediatric pan-CNS tumors. Emerging
immune-related lncRNAs are identified in various cancers (22,
56); however, the underlying functions of lncRNAs are still
unknown. Promotion or suppression of immune cells may be a
major way for lncRNAs to function in cancer development and
progression. For instance, MIR22HG has been demonstrated to
promote CD8 T-cell infiltration and acts as a tumor suppressor
in cancer (22). NKILA lncRNA can promote tumor immune
evasion by sensitizing T cells to activation-induced cell death
(57). Moreover, pan-adult cancer analysis also revealed that
immune-related lncRNAs were likely to be correlated with
immune cell infiltrations (20). In addition, we also revealed
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that immune cell infiltration-related lncRNAs were potentially
regulating genes in immune pathways. Identification of these
lncRNAs provided a valuable resource for the functional
characterization of lncRNA regulation in immunology through
further experiments in cell lines or animal models.

Previous studies have revealed the critical roles of the N6-
methyladenosine (m6A) modification of lncRNAs in various
types of cancers (58, 59). We revealed that the numerous
expressions of lncRNAs were associated with DNA
methylation, such as PART1, RAMP2-AS1, DLGAP1-AS1, and
DLEU1 (Figure S14). These lncRNAs have been demonstrated
to be associated with brain tumors. For example, PART1 exerts
tumor-suppressive functions in glioma via sponging miR-190a-
3p and inactivation of the PTEN/AKT pathway (60).
Knockdown of DLEU1 inhibits glioma progression and
promotes temozolomide chemosensitivity by regulating
autophagy (61). We next queried the immune-related lncRNAs
in m6A-Atlas, which is a comprehensive knowledgebase for
unraveling the m6A epitranscriptome (62). We found that
several lncRNAs were correlated with m6A modification, such
as SSTR5-AS1, MIF-AS1, and CARMN (Table S5). Collectively,
these findings highlight the critical role of the DNA methylation
and m6A modification in regulating lncRNAs, providing a new
way to explore RNA epigenetic regulatory patterns in the future.

In conclusion, our study comprehensively analyzes the
lncRNA methylation landscape across pediatric pan-CNS
tumors and gives first indications of the potential of lncRNA
methylation as an adjunct to tumor classification. The repertoire
of epigenetically regulated immune-related lncRNAs will
facilitate the development of immunotherapeutic targets in
pediatric pan-CNS tumors.
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Osteosarcoma is the most common primary malignant bone tumor with a high metastatic
potential. Nowadays, there is a lack of new markers to identify prognosis of osteosarcoma
patients with response to medical treatment. Recent studies have shown that
hematological markers can reflect to some extent the microenvironment of an individual
with the potential to predict patient prognosis. However, most of the previous studies
have studied the prognostic value of a single hematological index, and it is difficult to
comprehensively reflect the tumor microenvironment of patients. Here, we
comprehensively collected 16 hematological markers and constructed a hematological
prognostic scoring system (HPSS) using LASSO cox regression analysis. HPSS contains
many indicators such as immunity, inflammation, coagulation and nutrition. Our results
suggest that HPSS is an independent prognostic factor for overall survival in
osteosarcoma patients and is an optimal addition to clinical characteristics and well
suited to further identify high-risk patients from clinically low-risk patients. HPSS-based
nomograms have good predictive ability. Finally, HPSS also has some hints for
immunotherapy response in osteosarcoma patients.

Keywords: osteosarcoma, hematological, prognostic, inflammation, immunotherapy
INTRODUCTION

Osteosarcoma is a rapidly progressive primary malignant bone tumor with high metastatic
potential, accounting for 20% to 40% of all bone tumors (1, 2). Chemotherapy treatment,
introduced in the 1970s, significantly improved the five-year survival rate of patients with non-
metastatic osteosarcoma (3). However, approximately 15 – 20% of affected patients already have
metastases at presentation and individuals with metastatic disease have low short- and long-term
survival (4–6). In addition, tumor recurrence and chemoresistance are also recognized as important
org May 2022 | Volume 13 | Article 8795601128
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prognostic factors (7, 8). These clinical features are important in
distinguishing high-risk patients and guiding treatment (9).
However, the progression of the disease may be distinct in
patients with similar clinical features. Therefore, more factors
need to be considered to facilitate precision treatment.

Immunotherapy has shown definite clinical benefit in some
advanced solid tumors (10, 11). Osteosarcoma has relatively high
programmed cell death 1 ligand-1 (PD-L1) expression and may
therefore benefit from immunotherapy (12, 13). Unfortunately,
several recent clinical trials have shown that immunotherapy
does not achieve the desired efficacy in osteosarcoma (14, 15).
Therefore, effective biomarkers may be needed to identify
patients who may truly benefit from this therapy (16).

Recent studies have shown that preoperative hematological
markers such as neutrophil to lymphocyte ratio (NLR), platelet
to lymphocyte ratio (PLR), and lymphocyte to macrophage ratio
(LMR) can reflect the individual’s tumor microenvironment to
some extent and can be used to predict the prognosis of cancer
patients (17, 18). These hematological markers are readily
available and cost-effective and are ideal prognostic markers.
Many recent studies have confirmed the value of these markers
in predicting survival and response to medical treatment in
cancer patients, including osteosarcoma (19–21).However,
single hematological markers have shortcomings such as
insufficient prognostic power and instability. Therefore,
overcoming these shortcomings will help to improve the value
of hematological markers to promote their utilization.

In this study, we collected proven prognostic hematological
marks and developed hematological prognostic scoring system
(HPSS) by iterative least absolute contraction and selection
operator (LASSO) COX proportional hazards regression
analysis. Our study shows that HPSS overcomes the
disadvantages such as insufficient predictive power and
instability of a single hematological marker, and is an effective
supplement to clinical features.
PATIENTS AND METHODS

Patients
With the approval of the Medical Ethics Committee, we reviewed
the clinical data of osteosarcoma patients from January 2016 to
January 2021 in the database of the Musculoskeletal Tumor
Center of West China Hospital. During the review process, we
included and excluded patients according to the following
criteria: 1) patients with high grade osteosarcoma confirmed by
histopathology; 2) patients have complete hematological test
results before neoadjuvant chemotherapy; 3) patient received
standard treatment at West China Hospital. The exclusion
criteria:1) Patients with histopathologically confirmed low-
grade osteosarcoma (intramedullary and bone surface) and
periosteal osteosarcoma; 2) Patients who had received
neoadjuvant chemotherapy before their first-time consultancy
in our hospital; 3) patients with hematological diseases; 4)
patients with other malignancies; 5) patients not received
standard treatment (patients who are misdiagnosed and
Frontiers in Immunology | www.frontiersin.org 2129
mistreated or fail to complete postoperative chemotherapy).
Finally, 223 patients were included in our study after passing
the inclusion and exclusion criteria. Each patient was followed up
regularly until death or January 2022. The following follow-up
principles were followed: reexamination every 3 months within 1
year after surgery; reexamination every 4 months 1-2 years after
surgery; reexamination every 5 months 2-3 years after surgery;
reexamination every 6 months 3-5 years after surgery;
reexamination every year more than 5 years after surgery. All
patients were randomly divided into a training set (n=156, 70%)
and external validation set (n=67, 30%) using a random seed set
in 2022.

In addition, 14 patients with metastatic advanced
osteosarcoma treated with PD-L1 agents were included in the
study. These patients were all tested for PD-L1 expression at a
third-party testing facility (Institute of Ji’nan Yin Feng Medical
Laboratory) and had a Tumor Proportion Score > = 1% (TPS)
(22). TPS is defined as the proportion of tumor cells positive, i.e.,
number of tumor cells with positive PD-L1 membrane staining
at any intensity/total number of tumor cells * 100%. The TPS of
all patients was evaluated by two experienced pathologists.
Recombinant Anti-PD-L1 Antibody 28-8(Abcam) was used in
all patients; Patients lost operative indicatio and received
standard chemotherapy before immunotherapy and had
measurable lesions. All patients were administered with
camrelizumab (Jiangsu Hengrui Medicine Co., Ltd. China) at a
dose of 2 mg/kg every 21 days. All patients underwent a
minimum of 2 cycles of immunotherapy. Patients were
assessed for efficacy based on RECIST by two researchers not
associated with this study.

Data Collection and Processing
Neutrophils count (Neut#), lymphocytes count (LYMPH#),
monocytes count(MONO#), platelet count (PLT), hemoglobin
(HB), red blood cell distribution width-coefficient of variation
(RDW-CV), red blood cell distribution width-standard deviation
(RDW-SD), albumin (A), lactate dehydrogenase (LDH), alkaline
phosphatase (ALP), activated partial thromboplastin time (APTT),
prothrombin time (PT), thrombin time (TT), fibrinogen (FIB) and
international normalized ratio (INR) were extracted from the first
blood routine, coagulation function tests and liver and kidney
function of 223 patients before neoadjuvant chemotherapy. The
formulas for calculating NLR, PLR, LMR, PNI, SII and SIRI are as
follows: NLR = Neut#/LYMPH#, PLR = PLT/LYMPH#, LMR =
LYMPH#/MONO#, PNI = A + 0.005* LYMPH#, SII = PLT*Neut#/
LYMPH#, SIRI = Neut#* MONO#/LYMPH#. In addition, age,
gender, tumor location, pathologic fracture status, and tumor
metastasis status were abstracted from the patients’ medical
records. Overall survival (OS) was calculated from the date of
tumor resection to the date of last follow-up or death. In the
overall cohort, the optimal cutoff value for each hematological
marker was calculated based on the “tdROC” package and
converted into a binary variable according to the cutoff value. The
14 patients with osteosarcoma treated with camrelizumab had their
hematological markers collected before the start of immunotherapy,
and the haematological markers were divided into dichotomous
variables following the same cutoff value as the overall cohort.
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Development and Validation of the HPSS
First, univariate cox regression analysis was used to screen
indicators of prognostic value in the overall cohort. Based on
prognosis-related hematological markers, LASSO cox regression
analysis was performed on the training set to determine the
optimal hematological prognostic scoring system (HPSS). The
LASSO model is an estimation method that enables the reduction
of the set of indicators. LASSO regression has the advantages of
ridge regression and subset selection at the same time, which
makes it superior to other methods in terms of prediction accuracy
and model interpretability for high-dimensional multicollinearity
problems. The HPSS was calculated for each patient in the training
and validation sets based on the coefficients assigned by the
LASSO cox regression analysis. Receiver operating curves were
used to compare HPSS to the individual hematology markers in
both training and validation sets. In the training set, the optimal
cutoff value was calculated for HPSS using the survivalROC
“package, and the patients were divided into high-risk and low-
risk groups based on the cutoff value. The same cutoff was used for
the validation set. Kaplan-Meier survival curves were plotted to
show the difference in OS between the two groups of patients.
Whether HPSS is an independent prognostic factor for predicting
OS in osteosarcoma patients was assessed using multivariate cox
regression analysis. ROC curves for HPSS versus clinical variables
were plotted and contrasted from 1 to 5 years in the training set
and the validation set using the timeROC package.

Construction and Evaluation of
the Nomogram
A nomogram was constructed combining HPSS with clinical
features in the training set. The discrimination ability and
accuracy of nomograms were evaluated by Harrell ’s
Concordance Index and calibration curve, respectively.
Decision curve analysis (DCA) was used to evaluate the
clinical application of the nomogram. In addition, the
constructed nomogram also predicted the overall survival of
the validation cohort to assess the stability of the nomogram’s
predictive ability.

Exploration of the Relationship Between
the HPSS and Clinical Characteristics
In all 223 patients, the relationship between the HPSS and
traditional clinical features, such as tumor site, pathological
fracture, tumor metastasis status, was further researched. At
the same time, we divided the patients into four groups by
tumor metastasis status, pathological fracture status combined
with HPSS, respectively. Two-factor KM survival curves were
drawn to show the differences in overall survival among the four
groups of patients.

Assessing Immunotherapy Response
Using HPSS
We calculated HPSS for 14 patients with advanced osteosarcoma
treated with immunotherapy using the same coefficients as the
training cohort. The immunotherapy efficacy of 14 patients was
divided into disease control rate (DCR) and progressive disease
Frontiers in Immunology | www.frontiersin.org 3130
(PD) based on RESICT. The fisher’s exact test was used to assess
the difference between DCR and PD between patients in the
high-risk group and those in the low-risk group.

Statistical Analysis
Kolmogorov-Smirnov was used to assess whether continuous
variables were normally distributed, and t-test or Mann-Whitney
U test was used to assess differences between continuous
variables according to the results. Categorical variables were
evaluated using the chi-square test and the fisher’s exact test
based on the number of individuals in each group. All statistical
analyses were conducted using R software, version 4.1.0
(Institute for Statistics and Mathematics, Vienna, Austria). P
values < 0.05 were considered to indicate statistical significance.
RESULTS

Patient Characteristics
A total of 223 patients with osteosarcoma were included in the
study, including 131 male and 92 female. The age of the patients
ranged from 7 to 67 years with a mean age of 21 years. The
majority of patients had tumors located in the extremities, and
only 9 patients had tumors located in non-extremity sites. A
total of 25 patients already had pathological fractures at
presentation. In addition, 39 patients had already developed
tumor metastasis at presentation. Two hundred twenty-three
patients were randomly assigned to the training cohort versus
the validation cohort. The demographic and clinical
characteristics of the training cohort versus the validation
cohort are shown in Table 1, with no significant differences
between the two groups of cohorts. Optimal cutoff values for 16
hematological markers are provided with Supplementary
Table 1 (ALP, PLR, NLR, SII, FIB, SIRI, PT, HB, APTT, INR,
PNI, LMR, RDW-CV, RDW-SD, LDH, TT). As shown in
Table 1, the distributions of all variables in the training and
validation sets are not significantly different.

Establishment and Validation of
Hematological Risk Model
for Osteosarcoma
First, we performed univariate cox regression analysis of
hematologic markers in the overall cohort to determine the
association between hematologic markers and OS in patients
with osteosarcoma. As shown in Figure 1, univariate cox
regression analysis showed that 9 hematological markers were
statistically significant. As described above, a LASSO cox
regression analysis was performed in the training set using 9
hematological indicators and the HPSS consisting of 7
hematological indicators was finally determined. The
coefficients for each indicator in the HPSS are shown in
Table 1, and the HPSS was calculated for each patient based
on these coefficients. The results of ROC curves indicated that
the predictive ability of HPSS was significantly higher than that
of individual hematological markers both in the training and
May 2022 | Volume 13 | Article 879560
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TABLE 1 | Differences in the distribution of all variables between the training set and the validation set and the respective coefficients of the seven hematological
indicators that make up the HPSS.

Train (N = 156) Test (N = 67) P-value Coefficient

OS.time Not applicable
Mean (SD) 1020 (533) 996 (602) 0.787
OS Not applicable
Alive 101 (64.7%) 46 (68.7%) 0.681
Died 55 (35.3%) 21 (31.3%)
Gender Not applicable
Male 89 (57.1%) 42 (62.7%) 0.525
Female 67 (42.9%) 25 (37.3%)
Age Not applicable
Mean (SD) 21.8 (12.6) 21.4 (11.7) 0.823
Metastasis.status Not applicable
No 132 (84.6%) 52 (77.6%) 0.285
Yes 24 (15.4%) 15 (22.4%)
Tumor.site Not applicable
Extremities 150 (96.2%) 64 (95.5%) 1
Non-extremities 6 (3.8%) 3 (4.5%)
Pathological.fracture Not applicable
No 135 (86.5%) 63 (94.0%) 0.163
Yes 21 (13.5%) 4 (6.0%)
NLR Excluded
High 60 (38.5%) 30 (44.8%) 0.464
Low 96 (61.5%) 37 (55.2%)
PLR 0.521
High 48 (30.8%) 19 (28.4%) 0.841
Low 108 (69.2%) 48 (71.6%)
LMR Excluded
High 126 (80.8%) 58 (86.6%) 0.394
Low 30 (19.2%) 9 (13.4%)
PNI -0.058
High 98 (62.8%) 44 (65.7%) 0.799
Low 58 (37.2%) 23 (34.3%)
SII 0.097
High 31 (19.9%) 17 (25.4%) 0.46
Low 125 (80.1%) 50 (74.6%)
SIRI Excluded
High 37 (23.7%) 16 (23.9%) 1
Low 119 (76.3%) 51 (76.1%)
HB Excluded
High 101 (64.7%) 47 (70.1%) 0.53
Low 55 (35.3%) 20 (29.9%)
RDW-SD Excluded
High 58 (37.2%) 16 (23.9%) 0.0753
Low 98 (62.8%) 51 (76.1%)
RDW-CV Excluded
High 86 (55.1%) 34 (50.7%) 0.649
Low 70 (44.9%) 33 (49.3%)
PT 0.051
High 37 (23.7%) 21 (31.3%) 0.306
Low 119 (76.3%) 46 (68.7%)
INR Excluded
High 66 (42.3%) 29 (43.3%) 1
Low 90 (57.7%) 38 (56.7%)
APTT Excluded
High 62 (39.7%) 23 (34.3%) 0.54
Low 94 (60.3%) 44 (65.7%)
TT Excluded
High 84 (53.8%) 35 (52.2%) 0.941
Low 72 (46.2%) 32 (47.8%)
FIB 0.330
High 135 (86.5%) 58 (86.6%) 1
Low 21 (13.5%) 9 (13.4%)
ALP 0.785

(Continued)
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validation cohorts (0.817 vs 0.413-0.745; 0.827 vs 0.321-0.710,
Figures 1B, C).

Optimal cutoff values were also calculated for HPSS. The
training cohort was divided into two groups with the validation
cohort according to the optimal cutoff value. As shown by
Figures 2A, B, the overall survival of patients in the high
HPSS risk group was low in both the training and validation
cohorts (P < 0.001).

Subsequently, we also assessed whether HPSS was an
independent prognostic factor for predicting overall survival in
osteosarcoma patients. As shown in Figures 3A–D, the results of
multivariate cox regression analysis showed that HPSS was an
independent prognostic factor for overall survival in
osteosarcoma patients in both the training and validation
cohorts(training cohort: HR:6.796(2.521-18.317); validation
cohort: HR:5.655(1.788-17.88)).

Finally, we plotted time-dependent ROC curves to contrast
the predictive ability of HPSS with clinical features such as tumor
metastatic status, and pathological fractures. As shown by
Figures 3E, F, the predictive ability of the HPSS was similar in
the change curves of the training and validation cohorts, that is, it
was lowest in predicting 1-year mortality, but the predictive
ability of the HPSS gradually increased with time. At 2 years and
beyond, the predictive power of the HPSS was significantly
higher than that of the clinical features.
Frontiers in Immunology | www.frontiersin.org 5132
Construction and Validation of HPSS-
Based Nomograms
In order to promote the clinical application of HPSS, based on
the training cohort, we constructed a nomogram combining
HPSS with clinical characteristics. Cox proportional hazards
regression assigned a score according to the hazard ratio for
each covariate in the nomogram, and the sum of the scores for
each covariate was the nomogram total score. The C-index of the
constructed nomogram was 0.80, and the calibration curve
indicated that the nomogram had good predictive accuracy in
predicting 3-year and 5-year overall survival in the training
cohort (Figures 4A, B). To further validate the stability of the
nomogram, we tested the nomogram using the validation cohort.
The C-index of the nomogram in the validation set was 0.77, and
the calibration curve of the validation set showed that the
nomogram still had good predictive ability in the validation
cohort (Figure 4C). Finally, we explore the clinical benefits of
nomograms through clinical decision analysis. Our results
suggest that the nomogram added to the HPSS brings
significant net benefits over models with only clinical features
(Figures 4D, E).

Assessing the Stability of HPSS
In order to assess the stability of the HPSS and facilitate its
precise application, we set up different subgroups according to
TABLE 1 | Continued

Train (N = 156) Test (N = 67) P-value Coefficient

High 82 (52.6%) 40 (59.7%) 0.404
Low 74 (47.4%) 27 (40.3%)
LDH 0.186
High 103 (66.0%) 40 (59.7%) 0.453
Low 53 (34.0%) 27 (40.3%)
May 2022 | Volume 13 |
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FIGURE 1 | Construction of HPSS and its comparison with individual hematological parameters. (A) Forest plot showing the results of univariate cox regression
analysis of 16 hematological markers; (B) ROC curves showing the predictive power of HPSS in the training set versus a single hematology indicator; (C) ROC
curves showing the predictive power of HPSS in the validation set versus a single hematology indicator.
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clinical characteristics to explore the application of the HPSS in
each group. As shown in Figure 5A, patients were divided into
10 groups according to age, gender, tumor location, metastatic
status and pathological fracture. The predictive ability of HPSS
was limited in patients with metastatic group, and non-
Frontiers in Immunology | www.frontiersin.org 6133
extremities group. Combined with the previously drawn time-
dependent ROC curve, we believe that HPSS should be more
used as a supplement to clinical features to further identify high-
risk patients from patients in the low-risk group of
clinical features.
A B

FIGURE 2 | There are significant differences between patients in HPSS risk groups. (A) High-risk patients in the training set had significantly lower overall survival
than low-risk patients; (B) High-risk patients in the validation set had significantly lower overall survival than low-risk patients.
A B

D

E F

C

FIGURE 3 | HPSS is an independent prognostic factor for overall survival in patients with osteosarcoma and has certain advantages compared with clinical
characteristics. (A) Forest plot showing the results of univariate COX regression analysis of HPSS and clinical characteristics in the training set; (B) Forest plot showing the
results of multivariate COX regression analysis of HPSS and clinical characteristics in the training set; (C) Forest plot showing the results of univariate COX regression
analysis of HPSS and clinical characteristics in the validation set; (D) Forest plot showing the results of multivariate COX regression analysis of HPSS and clinical
characteristics in the validation set; (E) Time-dependent ROC curves showing the predictive power of HPSS and clinical features in the training set; (F) Time-dependent
ROC curves showing the predictive power of HPSS and clinical features in the training set; It can be seen that the predictive power of each variable varies over time.
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Association Between HPSS and
Clinical Features
Finally, we further assessed the relationship between HPSS and
clinical characteristics. The results of the violin plot indicated
that patients in the tumor metastasis group and pathological
fracture group had higher HPSS scores (metastasis: P = 0.002;
pathological fracture: P= 0.009). However, there was no
significant difference in HPSS between patients with different
gender, tumor location (Figures 5B–E).
Frontiers in Immunology | www.frontiersin.org 7134
As mentioned above, we believe that HPSS is the best
complement to clinical features. Therefore, we combined
HPSS with tumor metastasis status and divided patients into
four groups to assess differences in patient survival. As shown,
there was a significant difference in survival among the four
groups. Among them, patients in the high HPSS risk group
among patients in the non-metastatic group had significantly
lower overall survival than those in the low HPSS risk group.
Finally, we combined HPSS with pathological fracture status
A

B

D E

C

FIGURE 4 | A nomogram was constructed combining HPSS with clinical features and the predictive power of the nomogram was assessed. (A) The nomogram of
the overall survival of patients with osteosarcoma shows that HPSS score and tumor metastasis status are the two most important variables; (B) Calibration curves
for nomogram predicting 3-year and 5-year survival of patients in the training set; (C) Calibration curves for nomogram predicting 3-year and 5-year survival of
patients in the validation set; (D) The clinical net benefit curve of the nomogram; (E) Clinical Net Reduction Curve for Nomogram. ***p < 0.001
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with the same method to obtain similar conclusions
(Figures 6A, B).

Assessing Immunotherapy Response
Using HPSS
As described above, all patients had TPS ≥ 1%, however only 4
patients had TPS > 1%; these 4 patients had TPS of 8%, 5%, 3%,
and 2%, respectively, and the remaining patients had TPS = 1%.
Figures 7A–D presents the PD-L1 immunohistochemistry
results of the 2 patients. According to RECIST, 9 of 14 patients
developed PD and only 5 patients were assessed as DCR
(Figure 7E). Based on HPSS, 7 patients were high risk and 7
patients were low risk. PD occurred in all patients in the high-
risk group, and only 2 in the low-risk group. The results of
Fisher’s exact test suggest that HPSS can predict the response to
immunotherapy to a certain extent (p = 0.0210, Figure 7F).

In addition, we evaluated the relationship between TPS and
response to immunotherapy. DCR was achieved in 3 of 4 patients
Frontiers in Immunology | www.frontiersin.org 8135
with TPS > 1% and in only 2 of 10 patients with TPS = 1%.
Unfortunately, this difference did not reach statistical
significance (p = 0.0949, Figure 7G). Finally, we also assessed
the relationship between HPSS and TPS. Our results indicated no
significant relationship between HPSS and TPS (p = 0.559,
Figure 7H). Figure 8 shows lung CT results before and after
drug treatment in a PD patient and a DCR patient.
DISCUSSION

With the continuous development of surgical techniques and the
continuous emergence of various novel treatments, the mortality
rate of cancer patients is gradually decreasing. However, since the
1970s, the overall survival of osteosarcoma patients has reached a
bottleneck period that has not been improved to date (1, 23, 24).
With the continuous development of the concept of precision
medicine, it is particularly important to develop personalized
A

B

D E

C

FIGURE 5 | The predictive power of HPSS in subgroups and the relationship between HPSS and clinical characteristics were assessed. (A) A forest plot showing
the predictive power of HPSS in each subgroup, it can be seen that HPSS has limited predictive power in patients with tumor metastasis and non-extremity groups;
(B) The relationship between HPSS and tumor metastasis status; (C) The relationship between HPSS and pathological fracture status; (D) The relationship between
HPSS and tumor location; (E) The relationship between HPSS and gender.
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treatment plans for cancer patients by grading management, and
it is expected to improve the prognosis of cancer patients (25).
More and more evidence shows that genetic changes and
epigenetic modifications play an important role in the
occurrence and progression of tumors. The use of genetic
testing to assess the prognosis of patients especially the
Frontiers in Immunology | www.frontiersin.org 9136
response to drug therapy has begun to be applied in the clinic.
However, most of these tests rely on patient tissue and are
expensive. Fortunately, recent studies have shown that many
preoperative hematological markers can predict the prognosis of
cancer patients (26–28). Unlike genetic testing, these
hematological markers are inexpensive and readily available. In
A B

FIGURE 6 | Simple combination of HPSS and clinical features can better predict the prognosis of patients with osteosarcoma. (A) Patients with osteosarcoma can
be divided into four groups according to tumor metastasis status and HPSS risk, and the KM survival curve shows the difference in survival among the four groups;
(B) Patients with osteosarcoma can be divided into four groups according to pathological fracture status and HPSS risk, and the KM survival curve shows the
difference in survival among the four groups.
A B

D

E F

G H

C

FIGURE 7 | HPSS can predict patient response to immunotherapy to a certain extent. (A) HE staining of a patient with 3% TPS expression; (B) PD-L1 expression in a
patient with a TPS expression of 3; (C) HE staining of a patient with 8% TPS expression; (D) PD-L1 expression in a patient with a TPS expression of 8; (E) A waterfall
plot of the response to immunotherapy in 14 osteosarcoma patients; (F) Histogram showing differences in immunotherapy status in HPSS risk groups; (G) Histogram
showing differences in immunotherapy status in different TPS groups; (H) Differences in TPS values in different HPSS risk groups.
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fact, most of them originate from the routine tests that every
patient needs to perform on admission. Previous studies have
mostly only demonstrated the prognostic value of a single
hematological marker in cancer patients (29–31). However,
given the complexity of the tumor microenvironment, it is
difficult for a single hematological marker to fully reflect tumor
characteristics and accurately predict tumor progression. In fact,
although previous studies have shown that LMR has prognostic
value in osteosarcoma patients, LMR has limited predictive
power in our cohort (32–34). In this study, we extensively
collected hematological markers that have been shown to be of
prognostic value in osteosarcoma and constructed HPSS based
on these markers. Compared with single hematological
parameters, HPSS has more powerful predictive ability and is
expected to overcome the disadvantage of unstable predictive
ability of single hematological parameters. HPSS has a better
predictive ability than clinical characteristics in predicting long-
term patient survival. The nomogram based on HPSS has good
predictive ability. The HPSS is a valid complement to clinical
characteristics, and in combination with clinical characteristics
enables further differentiation of patients in the clinically low-
risk group. HPSS can predict the response to immunotherapy to
some extent.

Tumor-associated inflammation has already been recognized
as an important hallmark of cancer (35). Studies have shown that
inflammatory processes promote cancer growth and
transmission, as well as the activation of oncogenic signaling
pathways, and are also potential mechanisms of immune
resistance in cancer patients (36). And through dynamic and
extensive interactions with cancer cells, immune cells also play
an important role in the tumor microenvironment (37).
Although the available evidence suggests a paradoxical role for
neutrophils in preventing and promoting tumor progression, it is
generally believed that in solid tumors, neutrophils expand in the
tumor microenvironment and systemically, often associated with
poor prognosis (38). In contrast, lymphocytes in the tumor
microenvironment are thought to play an important role in
antitumor immunity by producing cytokines and inducing
Frontiers in Immunology | www.frontiersin.org 10137
tumor cell apoptosis (39). Platelets change the tumor
microenvironment by secreting vascular growth factor is also
considered to promote tumor cell growth and vascular
proliferation, protect tumor cells from immune cell
elimination, and promote tumor cell metastasis (40). As a
classical inflammatory marker in cancer patients, the
prognostic value of lactate dehydrogenase has been extensively
studied (41). It is now generally accepted that elevated LDH
levels are associated with poor prognosis in patients. In addition,
some clinical trials have also demonstrated that elevated LDH
correlates with response to immunotherapy, suggesting the
potential value of monitoring LDH levels (42, 43). As the
cornerstone of constituting the HPSS, the coefficients of SII,
PLR and LDH were 0.096, 0.521 and 0.186, respectively, similarly
indicating that higher SII, PLR and LDH is associated with poor
prognosis in patients, further confirming previous results.

Almost all types of cancer are accompanied by a
hypercoagulable state, even without thrombosis (44). Tumor
cells create a hypercoagulable microenvironment by expressing
coagulants, tissue factors, or inflammatory cytokines. There is a
close link between the mechanism of tumor production and the
system that controls blood coagulation from the early stages of
the disease. The coagulation system is an important aspect of the
unique vascular microenvironment for tumor proliferation and
progression. The reason why tumors express substrates to induce
a systemic hypercoagulable state is the discovery of circulating
microparticles derived from tumor antigens or tissue factors,
which are derived from the membranes of leukocytes, platelets,
endothelial cells, and tumor cells after activation or apoptosis. PT
test is a monitoring index of extrinsic coagulation system, which
is related to fibrinogen deficiency, primary systemic and
disseminated intravascular coagulation (DIC) (45). Recent
studies have also shown that elevated PT is associated with
poor prognosis in tumors such as liver cancer and colon
cancer (46). As an important factor in the coagulation cascade
and process, FIB has been shown to be associated with the
invasive process of a variety of malignant tumors (29, 47). The
FIB promotes angiogenesis and tumor growth by binding to
FIGURE 8 | Lung CT results of one PD and one DCR patient. (A, B) Lung CT results of a DCR patient before immunotherapy; (C, D) Lung CT results of a DCR
patient after immunotherapy; (E, F) Lung CT results of a PD patient before immunotherapy; (G, H) Lung CT results of a PD patient after immunotherapy.
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growth factors such as vascular endothelial growth factor and
fibroblast growth factor-2 (48, 49). In our study, the coefficients
of PT and FIB were 0.051 and 0.330, respectively, indicating that
they were all associated with poor prognosis of patients.

PNI is a nutritional indicator that was originally developed to
predict the risk of postoperative morbidity and mortality after
gastrointestinal surgery (50). Because the original PNI is complex
and difficult, and to facilitate routine use in clinical practice,
Onodera et al. simplified the calculation method to make it based
on serum albumin levels and peripheral blood lymphocyte
counts (51). Serum albumin, a commonly used parameter of
nutritional status, is inversely associated with prognosis in
various cancers (52). Since PNI is a combination of
lymphocytes and serum albumin, it is easy to understand the
relationship between PNI and survival of cancer patients. Many
studies have reported that poor tumor characteristics, such as
poor differentiation, large size, and metastasis, are more likely to
be observed in patients with tumors with lower PNI, suggesting
that low PNI may promote tumor aggressiveness and thus
worsen prognosis (53, 54). In our study, the coefficient of PNI
was -0.058, which is consistent with previous conclusions.

Serum ALP levels are often positively correlated with
osteoblast activity, and serum ALP is common in fractures,
physiological growth and bone tumors. Studies on the
prognostic value of serum ALP in osteosarcoma date back even
before the era of chemotherapy (55). Now, it is generally believed
that elevated serum ALP is associated with a worse prognosis in
osteosarcoma patients (56). As an important part of constituting
the HPSS, the coefficient of ALP was 0.940, indicating that
elevated ALP is associated with poor patient prognosis. This is
consistent with previous findings. We believe that the
introduction of serum ALP makes HPSS more suitable for
patients with bone tumors and enhances its predictive ability
in patients with bone tumors.

Several recent clinical trials have shown very limited benefit
from immune checkpoint inhibitor therapy in patients with
advanced osteosarcoma (16, 57). Therefore, careful
identification of patients who may benefit from this therapy is
critical. It is generally accepted that patients with higher TPS are
more likely to benefit from immunotherapy (58). The results of a
recent clinical trial in patients with advanced non-small-cell lung
cancer showed a positive survival benefit with immunotherapy in
a population with TPS of 1% or higher (22). Unfortunately there
is no uniform standard in osteosarcoma, therefore, our center
referred to this result to only suggest that patients with TPS ≥ 1%
try immunotherapy. Unexpectedly, our results show that TPS is
not effective in predicting immunotherapy response in
osteosarcoma patients. We speculate that it is mainly due to
the following reasons. First, only 14 patients were included in the
study and all were screened by TPS. In fact, there are more
patients with osteosarcoma who are not recommended to try
immunotherapy because of TPS < 1%. In addition, the TPS of
patients with the highest TPS was only 8%. However, the cutoff
value of TPS is generally considered to be 1% versus 50% (22).
Recently, an increasing number of studies have focused on the
use of hematological markers to assess the efficacy of
Frontiers in Immunology | www.frontiersin.org 11138
immunotherapy in tumor patients. Studies have shown that
using markers such as NLR, SII and LDH to identify patients
with poor immunotherapy is a potential approach (59, 60).
Therefore, we explored whether HPSS, which integrates
multiple hematological markers, is equally valuable in
predicting immunotherapy. It is gratifying that our results
show that HPSS has such potential. However, since the study
included only 14 patients and the response of immunotherapy in
osteosarcoma was limited, the results of HPSS in predicting
response to immunotherapy need to be interpreted with caution.

Overall, compared with a single hematological marker, HPSS
has stronger predictive power. In our study, both the training
and validation cohorts, HPSS showed a predictive potential
superior to individual hematological markers. In studies
reviewing previous single hematological parameters, we found
that some hematological parameters differed in their prognostic
value in different cohorts. This greatly affects the clinical
application of hematological markers. We speculate that due to
the poor predictive ability of a single hematological markers, it
cannot comprehensively respond to the complex tumor
microenvironment. Therefore, we extensively collected multiple
hematological markers and constructed the HPSS to improve its
predictive ability. We hope that HPSS with predictive ability can
overcome the disadvantage of unstable predictive ability of a
single hematological markers. Through further analysis of HPSS,
we found that HPSS had a weak ability to predict early patient
survival, but a strong ability to predict long-term patient survival.
This is in contrast to clinical features such as tumor metastasis
status and pathological fracture status. Therefore, we believe that
HPSS is an effective complement to clinical features and is best
suited for further identification of high-risk patients among
patients at low risk for clinical features.

Finally, we have the following recommendations regarding the
clinical application of HPSS. For patients with primary diagnosis
of osteosarcoma, it is recommended to use the hematological
parameters before chemotherapy to calculate HPSS. Because the
results of these hematological parameters may be affected by
chemotherapy and cannot truly reflect the patient’s tumor
microenvironment. However, for patients treated with
immunotherapy, based on the consideration of clinical
application, we believe that the calculation of HPSS should be
adjusted to the detection time close to PD-L1; that is, the latest
HPSS before immunotherapy should be calculated and synergized
with TPS to predict the response to immunotherapy.

It must be acknowledged that our study has certain
limitations. First, a retrospective study, which may lead to
selection bias. Second, HPSS is composed of six hematological
parameters, each of which has its own coefficient, and its
calculation is more difficult than that of a single hematological
marker. In addition, the hematologic markers included in this
study were based on those previously shown to have prognostic
value. Therefore, some markers that also have prognostic value
for osteosarcoma patients may be overlooked. However, to the
best of our knowledge, this is the first study to comprehensively
assess the prognostic value of hematological markers in
osteosarcoma, and therefore has some value. Further studies
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are needed to validate our conclusions. In addition, we believe
that further studies are needed to assess whether HPSS can guide
the treatment of osteosarcoma patients. For example, increase
the frequency of follow-up lung CT for patients with high HPSS
who do not develop lung metastases, or increase the
chemotherapy cycles for patients with high HPSS. At the same
time, the HPSS score can be appropriately considered when
screening patients for prior to the application of caritizumab.
CONCLUSION

Our study confirms the prognostic value of the comprehensive
hematological score HPSS in patients with osteosarcoma. HPSS
is an independent prognostic factor in patients with
osteosarcoma. The nomogram constructed based on HPSS has
good predictive ability. The HPSS is a valid addition to clinical
characteristics and is suitable for further identification of high-
risk patients from low clinical risk patients. HPSS has certain
implications for the response to immunotherapy.
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