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ABSTRACT

T/NK cell-based immunotherapy has achieved remarkable success in adult cancers but has limited efficacy
in pediatric malignancies including high-risk neuroblastoma (NB). Immune defects of NB tumor micro-
environment are poorly understood compared with adults. Here, we described the unique characteristics
of NB immune contexture and determined the phenotype signatures of PD-L1-expressing CD8" T and NK
cells in NB tumors by systemically analyzing the spatial distribution of T and NK cells and the distinct
expression of programmed death 1 (PD-1) and its ligand (PD-L1) in patients with NB. We found that PD-L1-
expressing CD8" T and NK cells in NB tumors were highly activated and functionally competent and
associated with better clinical outcomes. Intratumoral NK cells were a favorable prognostic biomarker
independent of CD8" T cells, PD-1/PD-L1 expression, tumor stage, MYCN amplification, and risk classifica-
tion. NK cells combined with anti-PD-1/PD-L1 antibodies showed potent antitumor activity against both
MYCN-amplified and non-amplified NBs in vitro and in vivo, and PD-L1-expressing NK cells associated with
improved antitumor efficacy. Collectively, we raise novel insights into the role of PD-L1 expression on
CD8* T-cell and NK-cell activation. We highlight the great potential of intratumoral NK cells in better
defining risk stratification, and predicting survival and response to anti-PD-1/PD-L1 therapy in NB. These
findings explain why single anti-PD-1/PD-L1 therapy may not be successful in NB, suggesting its combina-
tion with NK cell-adoptive cellular therapy as a promising strategy for relapsing/refractory NB. This study
provides a potential prospect that patients with PD-L1-expressing NK cells may respond to anti-PD-1/PD-
L1 therapy.
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Introduction dismal, suggesting an urgent need for developing novel and

effective immunotherapeutic approaches.

T/natrual killer (NK) cell-engineering therapies such as
immune checkpoint inhibitors (ICIs) and adoptive cell ther-
apy, particularly anti-programmed death-1 (PD-1) and anti-
programmed death ligand 1 (PD-L1) antibodies, have recently
achieved remarkable success in adult cancers.”® However,
these therapies have not shown similar efficacy in high-risk
NB or other pediatric malignancies because of the nature of the
tumor immune microenvironment (TIME).”® Specifically,
low-risk NB has the highest spontaneous regression rate
among human cancers, which may be attributed to the induc-
tion of host immune responses against tumor cells.” This

Neuroblastoma (NB) is the most common extracranial solid
tumor in childhood, and it occurs mostly in children <5 years
of age, accounting for 15% of childhood cancer-related deaths.
It arises from neural crest progenitor cells in the sympathetic
nervous system and presents with tumor masses in the adrenal
glands and/or sympathetic ganglia.! Despite recent advances in
surgical tumor resection, chemotherapy, radiotherapy, and
autologous stem cell transplantation, the 5-year survival rate
of high-risk patients is still <40%.> Antibody-based immu-
notherapy targeting disialoganglioside and B7-H3 has achieved
encouraging success in some patients with NB over the past

decade, and anti-disialoganglioside antibody dinutuximab was
incorporated into the standard treatment regimen, which sub-
stantially improved patient survival.>* However, the current

underscores the importance of an active TIME for favorable
prognosis of NB patients. Nevertheless, high-risk NB, espe-
cially those accompanied by MYCN gene amplification, is

prognosis of <50% survival in high-risk patients remains generally recognized as a poor immunogenic tumor with low
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tumor mutation burdens (TMBs), a paucity of neoantigens,
low major histocompatibility complex (MHC) antigens, imma-
ture immune system, lack of tumor-infiltrating lymphocytes,
and immunosuppressive tumor microenvironment.'® In such
a contexture, classic T-cell immunity, which relies on tumor-
derived peptides presented by MHC, is no longer available,
complicating the hurdles for ICIs. To date, the complexity and
diversity of the immune contexture and its influence on the
response to ICIs are largely unidentified in NB.

Tumor-infiltrating lymphocytes (TILs) and PD-L1 expres-
sion were reportedly key biomarkers correlated with favorable
prognosis and the response to anti-PD therapy.'" The novel
concept of ‘TIME spatial heterogeneity’ suggests that apart
from the density of TILs, their localization, distribution, and
relationship to PD-L1 expression status have prognostic
implications.'” PD-L1 on tumor cells is conventionally consid-
ered an oncogenic driver and a co-opted “shield” that contri-
butes to immune escape.'> Notably, PD-L1 is also expressed in
immune cells, such as tumor-associated macrophages (TAM:s),
dendritic cells, myeloid-derived suppressor cells, T cells, and
NK cells.">'*"'® Recent insights on the role of PD-L1 in T and
NK cells remain controversial. PD-L1 in NK cells was identi-
fied as an activation marker in a PD-1-independent manner,
resulting in enhanced function and preventing cell
exhaustion.'”” PD-L1* T cells also reportedly promoted self-
tolerance and suppression of neighboring macrophages and
effector T cells in cancer.'® However, to our knowledge, the
function and clinical significance of PD-L1 expression in T and
NK cells in NB tumors and their role in ICB immunotherapy
are still unknown.

To address these issues, we comprehensively analyzed the
spatial distribution of CD8" T and NK cells, the distinct
expression of PD-1/PD-L1 signaling, and their prognostic
value in two cohorts of human NB. We identified different sub-
classes of TIME, performed functional phenotype analysis for
PD-L1-expressing CD8" T and NK cells, and explored poten-
tial combination therapy of CD8" T or NK cells with anti-PD
-1/PD-L1 antibodies in different NB models, aiming to
advance the strategies in T cell and NK cell-based immu-
notherapies in NB patients.

Materials and methods
Patients and samples

Cohort_1 included 96 NB tissue samples collected at Sun Yat-
sen University Cancer Center (Guangzhou, China) and the First
Affiliated Hospital of Sun Yat-sen University (Guangzhou,
China) between 2004 and 2016. Cohort_2 was an NB tissue
microarray obtained from Outdo Biotechnology Company
(Outdo Biotechnology, Shanghai, China) that included 89 NB
tissue samples collected between 2010 and 2015. For isolating
tumor-infiltrating lymphocytes (TILs), fresh NB tissues were
obtained from nine patients with primary NB. All samples in
the study were confirmed by pathologic analysis. None of the
patients had received prior anticancer treatment. The use of
human samples was approved by the Institutional Review Board
of Sun Yat-Sen University Cancer Center (Approval No. SL-
B2022-273-01), and the requirement for informed consent was

waived by the institutional review committee. All experiments
involving humans were carried out in accordance with the Code
of Ethics of the World Medical Association (Declaration of
Helsinki). Diagnosis and histology were determined using the
International Neuroblastoma Staging System (INSS) and the
International Neuroblastoma Pathology Classification, respec-
tively. Risk stratification was performed according to the
Children’s Oncology Group (COG) Risk Group System.

Statistical analysis

Statistical analyses were performed using SPSS version 19.0 or
Prism 8 (Graph Pad Software Inc.). Data are expressed as the
mean + SD according to the distribution level. The chi-square
test was used to analyze the correlation between intratumoral
CD8, intratumoral NCR1, and IC-PD-L1 expressions and the
clinicopathological features of NB patients. Differences
between groups with normally distributed continuous vari-
ables were analyzed using the paired t-test. The association
between the expression levels of two markers was analyzed
using Pearson’s correlation coefficient. The Kaplan-Meier
method and log-rank test were used to plot survival curves
and analyze differences in survival time between patient sub-
groups. Cox’s proportional hazards regression model was used
to evaluate the prognostic value of the risk factors. In all
analyses, a two-tailed P < 0.05 was considered statistically sig-
nificant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Results

The spatial distribution pattern of CD8" T, NK, and PD-L1*
cells in NB tumor

Tumor tissues of patients with NB were collected from two
cohorts, including one cohort from Sun Yat-Sen University
(cohort_1, n=96) and one from a tissue microarray (cohort_2,
n = 89). The clinicopathological features of NB patients in the
two cohorts are shown in Supplemental Table S1. To evaluate
the distribution pattern of CD8" T, NK, and PD-L1" cells in
NB tissues, we performed immunohistochemistry (IHC) stain-
ing to detect CD8" T and NCR1 (also named NKp46)™ NK cells
infiltrated into the tumor nest (intratumoral lymphocytes) and
those infiltrated into the surrounding stroma (peritumoral
lymphocytes), as well as PD-L1" tumor and immune cells.
A spatial discordance of CD8 and NCRI1 expressions in peri-
tumoral and intratumoral regions was observed in NB tissues
from both cohort_1 (Figure 1la) and cohort_2 (Figure 1b),
indicating a mixed immune infiltration pattern in the tumor
nest and surrounding stroma in NB. PD-L1 showed distinct
expression patterns on both tumor cells and immune cells, as
well as marked heterogeneity with intense membrane staining
and weak cytoplasmic staining in NB tissues (Figure 1a,b).

Density of CD8" T and NCR1* NK, and PD-L1" cells are
positively correlated in NB tumor

A negative or weak expression of CD8 (intratumoral, peritu-
moral, and total), NCR1 (intratumoral, peritumoral, and total),
and PD-L1 (tumor cells, immune cells, and total) was observed in



a Cohort_1

Intra CD8"*" Intra CD8"""

Peri CD8""

Peri CD8"*"
T .

Peri CD3"™" Peri CD8"*"
= R

ONCOIMMUNOLOGY e 3

b Cohort_2

Intra CD8"*"
Peri CD8"" Peri CD8"*"

Intra CD8™*"
Peri CD8"" Peri CD8"*"

Iﬁm
Intra NCR1*" Intra NCR1"" Intra NCR1"** Intra NCR1""*"
Pori NCR1 ori NORI™™ - o Peri NCR1'" Peri NCR1"" Peri NCR1"" Peri NCR1"*"
e A AR A % & F
s A, Rl
P ) gl 100um 5
1904im ; 00k W
TC-PD-L1*" TC-PD-L1"%" TC-PD-L1™" TC-PD-L1™"
|C-PD-L1"" |C-PD-L1"" |C-PD-L1 |C-PD-L1"" IC-PD-L1"" IC-PD-L1"" IC-PD-L1"" IC-PD-L1""
4004 1004im L
= PD-L1° CD8' T cells
A PD-L1'CD8' T cells
Cc d € 50 ™ PD-L1 CD8'Tcells . f 60 .
A PD-L1*CD8' T cells A
8D8/NCR1/ A
L 4 {3 g & 40- R
. 3 - 2 _ S s
— \ ‘\7 \ v \ 80 * * % g .g = Ada
I fa B ]
v y ; y * % o oS - N
o 60 ° o a 20
S g
O Py °
2404 © 0
§ o0 o > 8 IFN-y Granzyme B TNF-¢ CD25* cD69*
—8 °
204 %8 0 0 0 ° . B PD-L1° NK cells B PD-L1" NK cells
° ooo °§8° ge ; 60-1 4 PD-L1* NK cells o 80- a4 PD-L1"NK cells
0o * .. .
0 T T T T T A 4
N NG ¥ @ N4 — _
(\II && +°@ " 2 o"}\ . 2 X 40- * s
t $ S 9 S «° o m 22 o
o & % S 2 2
K= N & = o2 =
o RN " o @ 2
O > &9 & 204 &
4 <
Q i
0- T T T A .
IFN-y Granzyme B TNF-¢ CD25" CD69

Figure 1. Spatial distribution of CD8" T cells, NCR1* NK cells, and PD-L1" cells in NB patients. a-b. Representative photomicrographs of IHC staining for intratumoral and
peritumoral CD8, intratumoral and peritumoral NCR1, and tumor and immune cell PD-L1 protein in NB tissues from cohort_1 (a) and cohort_2 (b); Scale bars, 100um. c.
Representative images of immunofluorescent staining for the colocalization of CD8 (red), NCR1 (cyan), and PD-L1 (green) in NB tissues from cohort_1 (top) and cohort_2
(bottom). DAPI, blue. The figure panel pairs the representative images taken with different zooming options. Scale bars, 50um. d. Flow cytometry analyses for the
percentage of CD8"* T and NK cells in tumor-infiltrating leukocytes and the proportion of PD-L1* cells in CD8* T, CD56" NK, and tumor cells isolated from human NB
tumors (n = 9). CD8* T cells were identified as CD45% CD3* CD8* cells, NK cells were identified as CD45" CD3~ CD56" cells, tumor-infiltrating leukocytes were identified
as CD45" cells, and tumor cells were identified as CD45~ NCAM™ cells. E-F. Flow cytometry analyses for the expression of cytotoxic markers IFN-y, granzyme B, and TNF-a
(n=7) (e) and activation markers CD25 and CD69 (n = 9) (f) by PD-L1* and PD-L1~ subsets in CD8* T and NK cells isolated from human NB tumors. Intra, intratumoral;
peri, peritumoral; TC, tumor cell; IC, immune cell; ns, no significance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

the majority of samples from the two cohorts (Supplemental
Figure S1A), and a generally positive correlation between the
three was also observed (Supplemental Figure S1B). By stratifying
patients, we next analyzed the association of CD8, NCR1, and
PD-L1 with INSS stage, MYCN amplification, and COG risk
classification. As shown in Supplemental Figure S1C, D, signifi-
cant differences in the distribution of intratumoral NCR1 and
immune cell (IC)-PD-L1 in cohort_1 and that of intratumoral
NCRI, total PD-L1, and IC-PD-L1 in cohort_2 were observed
between different INSS stages, with lower expression levels in
stage 4 than in others; the expression of intratumoral CDS,
intratumoral NCR1, total PD-L1, and tumor cell (TC)-PD-L1

were lower in tissues with MYCN amplification than in those
without in both cohorts; in high-risk patients, low expression of
intratumoral NCR1 and IC-PD-L1 was observed in cohort_1, and
low expression of peritumoral NCRI, intratumoral NCRI, total
PD-L1, TC-PD-L1, and IC-PD-L1 was observed in cohort_2.

PD-L1 expression marks highly activated and functionally
competent CD8* T and NK cells in NB tumor

Above THC staining data showed PD-L1 expression for all
immune cells, and we wondered whether PD-L1 was preferen-
tially expressed on CD8" T and NK cells. Multiplex
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immunofluorescence (mIF) staining revealed that PD-L1 was
co-localized with some CD8" T and NCR1" NK cells in human
NB tumors from both cohorts (Figure 1c. We then performed
the phenotypic analysis of immune cells isolated from fresh
tumor tissues of patients with NB by flow cytometry. As shown
in Figure 1d and Supplementary Figure S1E, the percentage of
CD8" T and NK cells in tumor-infiltrating leukocytes were
approximately 25% and 15%, respectively. Consistent with
mIF staining data, PD-L1-expressing CD8" T-cell and PD-L1-
expressing NK-cell populations existed in the majority of NB
tumors. Interestingly, a substantial proportion of PD-L1" sub-
set in NK cells (median, 26.7%; range, 8.7% to 58.5%) was
detected, which was higher than that in CD8" T cells (median,
13.9%; range, 6.1% to 26.1%), indicating that PD-L1 was asso-
ciated preferentially with NK cells as compared with CD8"
T cells. We also examined the expression of PD-L1 on tumor
cells and found a relatively low proportion (median, 8.5%;
range, 3.6% to 21.1%) of PD-L1" tumor cells.

Next, we performed functional phenotype analysis on the
PD-L1" subsets in CD8" T and NK cells. The expression of
cytotoxic markers IFN-y, granzyme B, and TNF-a (Figure le)
and activation markers CD69 and CD25 (Figure 1f) was sig-
nificantly increased in PD-L1" subsets compared with PD-L1~
subsets in both CD8" T and NK cells, suggesting that PD-L1
expression on T and NK cells appears to define highly activated
and functionally competent cells. No difference was observed
in proliferation between PD-L1" and PD-L1" subsets in CD8"
T and NK cells (Supplemental Figure S1F).

ScRNA-seq analysis reveals that PD-L1-positive NKT and
NK cells in NB tumor have an activated status

To decipher the status of PD-L1-positive T and NK cells in
human NB samples, we next performed scRNA-seq analysis
based on GSE154037 dataset of NB focused on NKT cells
(Figure 2a). Differential expression analysis and GO functional
analysis were conducted on two groups of PD-L1-negative and
positive NKT cells. Intriguingly, the differentially expressed
genes in PD-L1-positive NKT cells were primarily enriched
in GO terms involving in activated T cells, such as T cell
activation, immune response-activating signaling pathways,
T cell costimulation, tumor necrosis factor production, and
cell killing (Figure 2b). To gain a more comprehensive under-
standing, Gene Set Variation Analysis was executed on gene
sets deeply intertwined with these terms. Consequently, PD-L1
-positive NKT cells had higher gene set scores associated with
cytotoxic signature, T cell activation, and NK cell activation
(Figure 2c).

We also performed scRNA seq analysis on another
GSE14766 dataset of NB available for NK cells (Figure 2d)
and obtained similar results. The top GO terms enriched in
PD-L1-positive NK cells were implicated with activated NK
cells, such as immune response-activating signaling pathways,
activation of immune response, regulation of immune effector
process, tumor necrosis factor production, positive regulation
of lymphocyte activation, lymphocyte costimulation, cell kill-
ing, and NK cell-mediated cytotoxicity (Figure 2e). Gene Set
Variation Analysis revealed higher gene set scores associated
with cytotoxic signature, NK cell activation, and chemokines

(CCL2, CCL5, and CCL19) related to effector cells, in PD-L1-
positive NK cells (Figure 2f). Together, such observations indi-
cate that NKT and NK cells expressing PD-L1 in NB tumors
trend to show a functional activation status.

Higher density of intratumoral CD8" T, intratumoral
NCR1" NK, and PD-L1* immune cells are associated with
a favorable prognosis in patients with NB

Survival analysis was performed to determine the prognostic
value of CD8" T cells (intratumoral, peritumoral, and total),
NCR1" NK cells (intratumoral, peritumoral, and total), and
PD-L1" cells (tumor cells, immune cells, and total) in NB
patients. Patients with intratumoral CD8"€" expression had
better over survival (OS) and/or event-free survival (EFS) than
those with intratumoral CD8"" expression (Supplemental
Figure S2A), whereas peritumoral and total CD8 expressions
were not statistically significant prognostic factors
(Supplemental Figure S2B, C). A similar pattern was observed
in the survival analysis based on NCR1 (intratumoral, peritu-
moral, and total) (Supplemental Figure S3). The favorable
prognostic value of intratumoral CD8 and NCR1 was sup-
ported by univariate Cox regression analysis, which showed
that high expression of intratumoral CD8 and NCRI1 was
associated with a lower risk of death and incidence of events
in the two cohorts (Table 1).

Kaplan-Meier analysis and univariate Cox regression ana-
lysis supported the favorable prognostic value of high IC-PD-
L1 expression in NB (Supplemental Figure S4A, Table 1).
A positive association between total PD-L1 expression and
superior OS and EFS was observed in cohort_1, whereas the
association was not statistically significant in cohort_2
(Supplemental Figure S4B, Table 1). There was no significant
correlation between TC-PD-L1 expression and patient survival
in the two cohorts (Supplemental Figure S4C, Table 1).

Intratumoral CD8* T and NCR1*NK cells correlate with
increased survival in NB regardless of PD-L1* immune-cell
density, INSS stage, MYCN ampilification, or COG risk
classification

To predict the response to anti-PD therapy, four types of TIME
have been defined according to T cell infiltration and PD-L1
expression levels from tumor biopsies:'® CD8'°*PD-L1'°™ (type
1), CD8"8"PD-L1M¢" (type I1), CD8™E"PD-L1"Y (type I1I), and
CD8"*"pD-L1hish (type IV). Using the same method, four
groups were defined based on NK cell infiltration and PD-L1
expression levels: NCR1°%PD-L1"" (type D), NCR1M8bpPD-
L1™€" (type 1), NCR1M"PD-L1'" (type I1I), and NCR1°“PD-
L1™&" (type IV). However, based on total expression levels,
there was no significant difference in survival between the
four types in both cohorts except the superior EFS of type II
groups (CD8"E"PD-L1™&" and NCR1™ME"PD-L1™&", respec-
tively) in cohort_1 (Supplemental Figure S5).

Survival analysis was further performed based on the com-
bination of prognostic factors (intratumoral CD8, intratumoral
NCRI1, and IC-PD-L1). The clinical outcome was better in
patients with CD8°*PD-L1"&" (type IV) than in those with
CD8"°"PD-L1"" (type 1), and survival was longer in
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CD8"€"PD-L1™e" (type II) than in CD8™E"PD-L1'*" (type III)
patients (Figure 3a). Consistently, high IC-PD-L1 expression
was associated with better EFS in cohort_1 and better OS in
cohort_2 among patients with intratumoral NCR1""" expres-
sion (Figure 3b). These results indicated that PD-L1* immune
cells were a favorable prognostic factor in patients with intra-
tumor-infiltrating CD8" T and NCR1"* NK cells. Indeed, intra-
tumoral PD-L1" CD8" T-cell and PD-L1" NK-cell populations
showed a tight correlation with better clinical outcomes based
on the results of mIF staining (Figure 3c,d). Together with the
phenotype analysis in Figure le,f, this finding suggests that the
function activated CD8" T and NK cells may be identified by
their expression of PD-L1. Notably, high expression of intra-
tumoral CD8 and NCR1 was associated with better outcome in
patients with either high or low IC-PD-L1 expression in both
selected cohorts (Figure 3a,b), suggesting intratumoral CD8"
T and NCR1" NK cells correlate with increased survival in NB
regardless of PD-L1" immune-cell density.

Next, we wondered whether combining intratumoral
CD8" T and NCR1" NK cell status with variables that affect
patient survival, such as INSS stage, MYCN amplification,
and COG risk classification, could provide a more accurate
prediction of clinical outcome. Patients were grouped based
on the combination of INSS stage with intratumoral CD8"
T and NCR1" NK cells. In both cohorts, high expression of
intratumoral CD8 and NCR1 was associated with superior
survival in patients with both favorable (stage 1-3/4S) and
unfavorable (stage 4) prognosis (Supplemental Figure S6A,
B). Patients were also stratified according to MYCN status
combined with intratumoral CD8" T and NCR1" NK cells.
High expression of intratumoral CD8 and NCRI was corre-
lated with increased survival in both patients with and with-
out MYCN amplification (Supplemental Figure S6C, D).
Similar results were obtained in the survival analysis accord-
ing to COG risk classification in combination with intratu-
moral CD8 and NCRI1 expression, which showed that high
expression of intratumoral CD8 and NCRI1 was associated
with better prognosis in patients with any risk (Supplemental
Figure S6E, F).

Intratumoral NCR1* NK cells correlate with increased
survival in NB regardless of PD-1 expression or spatial
distribution of CD8" T cells

For IHC staining on PD-1 (Figure 4a), a negative or weak PD-1
expression was observed in the majority of NB tissues
(Supplemental Figure S7A). PD-1 expression was correlated
with CD8 (total, intratumoral, and peritumoral), NCRI (total
and intratumoral), and PD-L1 (total) in both cohorts and with
TC-PD-L1 and IC-PD-LI in cohort_1 (Figure 4b). PD-1

expression differed significantly according to INSS stage in
both cohorts and COG risk classification in cohort_2, with
lower PD-1 expression in stage 4 and high-risk patients
(Supplemental Figure S7B, D). There were no significant dif-
ferences in PD-1 expression between patients with and without
MYCN amplification (Supplemental Figure S7C). The mIF
staining (Figure 4c) demonstrated that the total number of
CD8" T cells was much higher than NCR1" NK cells in the
TIME of NB, consistent with the results of flow cytometry
analysis in Figure 1d; the number of CD8" PD-1" T cell infil-
tration was also higher than NCR1" PD-1" NK cells (total,
intratumoral, and peritumoral); compared with peritumoral
TILs, PD-1 was preferentially co-expressed with intratumoral
TILs. However, there was no significant difference in the pro-
portion of PD-1" subsets in CD8" T and NK cells isolated from
human NB tumors, both of which were more than 20%
(Figure 4d).

PD-1 expression alone was not significantly correlated with
patient outcome in the survival analysis (Figure 4e,
Supplemental Figure S7E). Further analysis was performed by
combining PD-1 expression with intratumoral CD8" T and
NCR1" NK cells. Partial results from cohort 1 showed that
high intratumoral CD8 expression was correlated with better
OS in patients with PD-1 high or low expression (Figure 4f),
whereas inconsistent results were obtained in the analysis of
EFS in cohort_1 and OS in cohort 2 (Supplemental Figure
S7F). Conversely, consistent results from both cohorts demon-
strated that high intratumoral NCR1 expression was associated
with better survival regardless of PD-1 expression (Figure 4g,
Supplemental Figure S7G).

Moreover, a high density of intratumoral NCR1" NK cells
was associated with superior survival regardless of the density
(high or low) and location (total, intratumoral, or peritumoral)
of CD8" T cells (Supplemental Figure S8). Multivariate Cox
regression analysis showed that only intratumoral NCRI
expression was a favorable prognostic factor for OS and/or
EFS independent of peritumoral and total NCR1 expression,
intratumoral, peritumoral, and total CD8 expression, PD-1 and
PD-L1 expression, tumor stage, MYCN amplification, and risk
classification (Table 1). Taken together, these results suggest
that intratumoral NCR1*NK cells are a potential prognostic
biomarker for better predicting survival in NB patients.

PD-1/PD-L1 blocked NK cells exhibit robust cytotoxicity to
NB cells in vitro

MYCN amplification often occurs in high-risk NBs and corre-
lates with rapid tumor progression and a poor prognosis
overall.”® In contrast to low-risk NBs without MYCN amplifi-
cation, high-risk NBs with MYCN amplification have the

key from gray to red indicates relative expression levels from low to high. b. This functional enrichment analysis of differentially expressed genes between PD-L1-
negative and PD-L1-positive NKT cells. Bar plot ranking of the top GO terms. c. Gene Set Variation Analysis on gene sets related to Cytotoxic_Signature (left),
T_Cell_Activation (middle), and NK_Cell_Activation (right) to obtain the corresponding gene set scores in PD-L1-positive and PD-L1-negative NKT cells. The difference of
the gene sets between the two groups were analyzed. d. PD-L1-negative or -positive NK cell type annotation by the expression of marker gene signatures in human NB
tumors from GSE147766 dataset based on UMAP. Color key from gray to red indicates relative expression levels from low to high. e. This functional enrichment analysis
of differentially expressed genes between PD-L1-negative and PD-L1-positive NK cells. Bar plot ranking of the top GO terms. f. Gene Set Variation Analysis on gene sets
related to Cytotoxic_Signature (left), NK_Cell_Activation (middle), and Chemokines (right) to obtain the corresponding gene set scores in PD-L1-positive and PD-L1-
negative NK cells. The difference of the gene sets between the two groups were analyzed. ***P < 0.001.
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Figure 3. Expression levels of intratumoral CD8 and intratumoral NCR1 correlate with increased survival in NB patients regardless of immune cell-PD-L1 expression. a-b.
Kaplan-Meier curves of EFS and OS in patients from cohort_1 (left) and OS in those from cohort_2 (right) based on intratumoral CD8 (a) or intratumoral NCR1
(b) combined with immune-cell PD-L1 expression in IHC staining. IC, immune cell. C-D. Kaplan-Meier curves of EFS and OS in patients from cohort_1 (left) and OS in
those from cohort_2 (right) based on the levels of intratumoral PD-L1* CD8" T cell (c) or intratumoral PD-L1" NCR1* NK cell (d) in mIF staining.
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Figure 4. Intratumoral NCR1 expression levels correlate with increased survival in NB patients regardless of PD-1 expression and the density and spatial distribution of
CD8" T cells. a. Representative photomicrographs of IHC staining for PD-1 in NB tissues from cohort_1 (left) and cohort_2 (right); Scale bars, 100um. b. Correlation
analyses of PD-1 with total CD8, intratumoral CD8, peritumoral CD8, total NCR1, intratumoral NCR1, peritumoral NCR1, total PD-L1, tumor cell-PD-L1, and immune cell-
PD-L1 based on IHC staining score. c. Representative images of immunofluorescent staining for the colocalization of CD8 (red), NCR1 (cyan), and PD-1 (green) in NB
tissues from cohort_1 (top) and cohort_2 (bottom) cohorts. DAPI, blue. The figure panel pairs the representative images taken with different zooming options. Scale
bars, 50um. Number of CD8*, NCR1*, CD8* PD-1*, NCR1* PD-17, peritumoral CD8* PD-1%, peritumoral NCR1* PD-1%, intratumoral CD8" PD-17, and intratumoral NCR1*
PD-1* cells was quantified. d. Flow cytometry analyses for the expression of PD-L1 in CD8* T and NK cells isolated from human NB tumors (n = 9). e-g. Kaplan-Meier
curves of OS according to PD-1 alone (e), PD-1 combined with intratumoral CD8 (f), or intratumoral NCR1 (g) expression in patients from cohort_1. Intra, intratumoral;
peri, peritumoral; TC, tumor cell; IC, immune cell; ns, no significance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

characteristics of cold tumors, endowed with immune evasion
mechanisms, such as infiltrated by CD163" tumor-associated
macrophages, downregulating human leukocyte class
I antigens and NKG2D ligands, expressing high levels of
immunosuppressive gangliosides and sialic acid-containing
sugars and proteins, and upregulating PD-1/PD-L1 axis.® It
seems coherent that we found lower CD8" T cells, NK cells,
and PD-L1 in NB tissues with MYCN amplification
(Supplemental Figure S1C). We next assessed the surface
expression of immune-related markers by flow cytometry in

a panel of five NB cell lines, including two MYCN amplified
and three MYCN non-amplified (Figure 5a). High levels of PD-
L1 was observed in MYCN non-amplified cells compared to
those in MYCN amplified cells (Figure 5b), and similar results
were obtained in MHC-I, MHC-II, as well as the NK-cell-
activating receptor ligands, MICA and MICB (Supplemental
Figure S9 A, B).

To investigate the cytotoxicity of CD8" T and NK cells to
NB cells, we first induced tumor-associated CD8" T and NK
cells by co-culturing CD8" T cells and NK cells from the
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Figure 5. Cytotoxicity of CD8"* T or NK cell combined with anti-PD-1/PD-L1 antibodies to NB cells in vitro. a. The expression of MYCN protein in five NB cell lines was
detected by western blot. b. The surface expression of PD-L1 by five NB cell lines was assessed by flow cytometry. c-f. CD8* T and NK cells from the PBMCs of healthy
donors were co-cultured with or without MYCN amplified (SK-N-BE.%) and non-amplified (SK-N-SH) NB cells in Transwell system for 6 h. The expression of PD-1 (c) and
PD-L1 (d) by CD8" T and NK cells were examined by flow cytometry. The expression of IFN-y in PD-1~ or PD-1" subsets in CD8* T and NK cells was assessed by flow
cytometry (e). The expression of PD-L1 by SK-N-BE.? and SK-N-SH cells was examined by flow cytometry (f). n = 4. g-i. In vitro induced CD8" T and NK cells blocked with
or without anti-PD-1 or anti-PD-L1 antibodies were co-cultured SK-N-BE.” and SK-N-SH cells for 6 h with an effector: target ratio of 1:1. The lysis of SK-N-BE.2 and SK-N-SH
cells was assessed by cytotoxicity assay (g). The percentage of IFN-y (h) or PD-L1 (i) positive cells in CD8* T and NK cells activated with or without anti-PD-1 or anti-PD-L1
antibodies was assessed by flow cytometry. n = 3. ns, no significance. Data are representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

PBMC:s of healthy donors with NB cell lines with (SN-N-BE.?)
or without (SK-N-SH) MYCN amplification in vitro.
Compared with the controls, such in vitro induced CD8"
T and NK cells showed concordant higher expression of PD-
1 (Figure 5¢) and PD-L1 (Figure 5d). A higher level of IFN-y

expression was found in the PD-L1" subsets compared with the
PD-L1~ subsets (Figure 5¢), indicating PD-L1 expressing CD8"
T and NK cells are more functionally active. These results
demonstrate that the phenotype of in vitro induced CD8"
T and NK cells generally resembles that of CD8" T and NK



cells in the tumor (Figure 1d, E; Figure 4d). Meanwhile, we also
observed enhanced PD-L1 expression on tumor cells co-
cultured with CD8" T and NK cells (Figure 5f). These data
show the rationale for using anti-PD-1/PD-L1 therapies.

Then, in vitro induced CD8" T and NK cells were used for
cytotoxicity assay. As shown in Figure 5g, MYCN non-
amplified SN-N-SH cells were significantly more susceptible
to both CD8" T-cell- and NK-cell-mediated lysis than MYCN
amplified SN-N-BE.? cells, indicating that MYCN non-
amplified NB cells are more immune-reactive. Intriguingly,
the NK cells exhibited higher cytotoxicity than CD8" T cells
in both MYCN amplified and non-amplified cells. We hypothe-
size that the upregulation of PD-1 on CD8" T and NK cells
limits their cytotoxicity through ligation with PD-L1 on NB
cells.>! After adding anti-PD-1 antibodies, we observed
a significantly increased cytotoxicity of NK cells to both
MYCN amplified and non-amplified cells, whereas the cyto-
toxicity of CD8" T cells was only significantly increased in
MYCN non-amplified SN-N-SH cells, with a slight increase
in MYCN amplified SN-N-BE.” cells. This indicates that NK
cells may contribute more than CD8" T cells in the antitumor
immunity of NB. Accordingly, after blockade of PD-1/PD-L1
axis with anti-PD-1 antibodies, we found a slight and signifi-
cant increase of IFN-y secretion levels in effector cells co-
cultured with MYCN amplified and non-amplified cells,
respectively; moreover, PD-1 blocked NK cells demonstrated
a more activated status compared with PD-1 blocked CD8"
T cells (Figure 5h).

The above data have demonstrated that PD-L1 expression in
both patient-derived and in vitro induced CD8" T and NK cells
marks functional competent cells. To further evaluate the function
of PD-L1 on effector cells, anti-PD-L1 antibodies were used for the
treatment of in vitro induced CD8" T and NK cells. Indeed, we
observed an increased cytotoxicity (Figure 5g) and IFN-y secretion
levels (Figure 5h) of CD8" T cells and NK cells after adding anti-
PD-L1 antibodies, with more significant levels in NK cells. In
addition, PD-L1 expression on effector cells co-cultured with
tumor cells was further elevated at both the mRNA
(Supplemental Figure S9C) and protein (Figure 5i) levels after
treatment with anti-PD-1 or anti-PD-L1 antibodies, supporting
the view that PD-L1 expression on CD8" T cells and NK cells may
represent a functional activation status, which can be further
upregulated by PD-1/PD-L1 blockade. Collectively, these results
indicate that compared with CD8" T cells, NK cells exhibit strong
cytotoxicity to NB cells in vitro and PD-1/PD-L1 blockade can
further enhance their effector function.

Combination therapy of NK cell infusion and anti-PD-1/
PD-L1 antibodies demonstrates potent anti-tumor activity
in xenograft models of NB

We next sought to test the influence of PD-1/PD-L1 blockade on
the antitumor activity of CD8" T and NK cells in vivo.
A subcutaneous xenograft model of NB was designed in NCG
mice (Figure 6a). Mice were intravenously injected with in vitro
induced human CD8" T and NK cells pretreated with or without
anti-PD-1 or anti-PD-L1 antibodies. As shown in Figure 6b-p, the
tumor growth of MYCN amplified NB was more rapid than that of
MYCN non-amplified NB; MYCN non-amplified tumors were
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more susceptible to immune-killing mediated by both CD8"
T and NK cells than MYCN non-amplified tumors; NK cells
exhibited stronger anti-tumor activity than CD8" T cells in both
MYCN amplified and non-amplified tumors; the addition admin-
istration of anti-PD-1 or anti-PD-L1 antibodies to NK cells led to
a more significant delay in tumor growth both MYCN amplified
and non-amplified tumors than CD8" T cells. Moreover,
a prolonged survival was found in mice treated with NK cells
blocked by anti-PD-1 or anti-PD-L1 antibodies as compared
with CD8" T cells blocked by anti-PD-1 or anti-PD-L1 antibodies
in both MYCN amplified and non-amplified tumors, with a more
prolonged survival time in mice bearing non-amplified tumors
(Figure 6q).

We next examined the intratumoral infiltration of NK and
CD8" T cells in mouse tumors. Compared with isotype groups,
infiltrated NK and CD8" T cells blocked with anti-PD-1 or
anti-PD-L1 anti-bodies had increased IFN-y secretion levels,
with higher levels in infiltrated NK cells than CD8" T cells,
especially those in MYCN non-amplified tumors
(Supplemental Figure S9D). Additionally, both infiltrated NK
and CD8" T cells constitutively expressed PD-L1, which
responded to anti-PD-1 or anti-PD-L1 antibodies and showed
a concordant higher expression pattern with IFN-y
(Supplemental Figure S9E). Together, these data further sup-
port that PD-L1 expression on effector cells might be
a functionally active biomarker. Our in vivo study indicates
that NK cells may be more tumor-reactive than CD8" T cells in
both MYCN amplified and non-amplified NBs, and that com-
bination therapy with NK-cell infusion and anti-PD-1/PD-L1
antibodies may be a potential immunotherapeutic strategy for
NB patients.

T-cell and NK-cell gene signatures and CD274 predict
a good clinical outcome in a large-scale database of
human NB

An external cohort of a GEO database consisting of 493 NB
samples was used for validation. Gene expression profile in total
tumor was analyzed at mRNA level. The T cell score, NK cell
score, CD274 expression, and PDCDI expression were signifi-
cantly positively correlated (Supplemental Figure S10A) and
were all lower in patients with stage 4, MYCN amplification,
and high-risk classification, with no significant differences in
NK cell score and PDCDI between INSS stages and in PDCDI
between the COG risk groups (Supplemental Figure S10B-D).
High T cell score, NK cell score, and CD274 expression alone,
but not PDCDI expression, showed a strong association with
a good clinical outcome (Supplemental Figure S10E).

In the survival analysis based on the combination of T cell
score and NK cell score with others, CD274 (Supplemental
Figure S11A, B) and PDCDI (Supplemental Figure S11C, D)
did not improve patient stratification when combined with
either T cell score or NK cell score. However, the results were
consistent with those of the above two cohorts to some extent.
For instance, patients with T-cell-score'™CD274"°", NK-cell-
score'™CD274", T-cell-score'PDCDI™, and NK-cell-
score'®"PDCDI™™ had the poorest survival in different
subgroups.
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Figure 6. Antitumor activity of CD8" T or NK cell combined with PD-1/PD-L1 blockade in xenograft models of NB. a. Experimental scheme for the subcutaneous xenograft
models of NB in NCG mice. Mice are inoculated with MYCN amplified (SK-N-BE.%) and non-amplified (SK-N-SH) NB cells subcutaneously. Then, mice were intravenously
injected with in vitro induced human CD8* T and NK cells that were blocked with or without anti-PD-1 or anti-PD-L1 antibodies; n = 5 for each group. b. Tumor volumes
for mice in different treatment groups in A were recorded on the indicated days; n = 5 for each group. c-p. Tumor volume of mice in each group as indicated were
recorded on the indicated days and plotted individually. g. Kaplan—Meier survival curves for the mice in different treatment groups in A. Survival curves were compared
using the log-rank test (two-tailed). n = 5 for each group. ns, no significance. Data are representative of three independent experiments. Data are representative of three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.



Discussion

Distinct temporal expression patterns of PD-L1 were identified
on tumor cells and host immune cells, and the spatial discor-
dance of PD-L1 between primary and metastatic tumor lesions
was also confirmed.'>'*'***? In this study, we showed that
PD-L1 expression on intratumoral CD8" T and NK cells marks
a functionally activated status and associates with favorable
survival and improved anti-PD-1/PD-L1 efficacy by ex-vivo
and in-vivo analyses. Consistently, it has been revealed that
NK cells expressing PD-L1 was a cytolytic effector and block-
ing PD-L1 activates PD-L1" NK cells via a p38 pathway inde-
pendent of PD-1 to control growth,'” which provides a possible
explanation for the activation role of PD-L1 on CD8" T and
NK cells. These findings offer novel insights into the activation
of T and NK cells via PD-LI, as well as a possible explanation
for why some patients whose tumor cells lack PD-L1 expres-
sion still respond to ICIs. Consistent with our findings,
Dondero et al. reported that PD-L1 expression appeared
mostly restricted to MYCN non-amplified cells, but not
MYCN amplified cells.® After IFN-y stimulation, PD-L1 was
found to be induced in both MYCN amplified and non-
amplified NB cell lines, as well as in metastatic neuroblasts
derived from bone marrow of NB patients characterized by
different MYCN status.”> However, neuroblasts from one
patient with a MYCN gain status were poorly responsive to
IFN-y stimulation,” indicating the heterogeneity of PD-L1
induction in neuroblasts.

Actually, emerging evidence has mentioned the roles of IC-
PD-L1. Schreiber et al. suggested that IC-PD-L1 is a more
accurate biomarker for predicting the response to ICIs or
prognosis in sarcoma.'* Differences in tumor immunogenicity
determined the relative contribution of IC-PD-L1 and TC-PD-
L1 to anti-PD therapy because IC-PD-L1 is critical for inhibit-
ing antitumor immunity in poorly immunogenic tumors,
whereas TC-PD-L1 is sufficient to suppress antitumor immu-
nity in highly immunogenic tumors."” As a result, IC-PD-L1
has a higher prognostic value in poorly immunogenic tumors
such as NB, particularly MYCN amplified NB. By contrast, TC-
PD-L1 might be more predictive in highly immunogenic
tumors. In the present study, we confirmed the PD-L1 expres-
sion by infiltrated CD8" T and NK cells and its association with
improved therapeutic efficacy in the immune system reconsti-
tuted NCG mouse, and these results warrant validation in
immunocompetent mouse with a syngeneic NB model. The
role of PD-L1 in other immune cells has also been extensively
investigated. For instance, PD-L1 expression by activated mye-
loid cells fosters immune privilege and tumor progression and
predicts response to anti-PD-1 antibodies.** Fu et al. demon-
strated that PD-L1 expressed in antigen-presenting cells plays
an essential role in checkpoint blockade therapy in different
tumor models.'® Nevertheless, PD-L1* T cells were also
demonstrated to have diverse tolerogenic effects on tumor
immunity through restraining effector T cells via the canonical
PD-L1-PD-1 axis, inducing PD-1" macrophages M2-like
polarization, and reducing CD4" T cell TH1-polarization via
STAT3-dependent signal.'® Further studies will be needed to
dissect the comprehensive effects of PD-L1 engagement on
T cells and other immune cells in the TME.
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In the present study, NK cells have great prognostic value
and therapeutic potential in NB patients. Interestingly, we
showed that the spatial location of NK cells is important
since only intratumoral NK cells are a favorable prognostic
marker independent of CD8" T cells and PD-1/PD-L1 expres-
sion, as well as known factors affecting patient outcome. This
important finding may help improve patient stratification and
provide proof of principle that intratumoral NK cells serve as
a potential marker for predicting survival and response to ICIs
in NB, although this remains to be confirmed in a prospective
study with a larger number of samples. Despite the greater
number of CD8" T cells, our study also implies that NK cells
may play a predominant role in antitumor immunity in NB,
which was further validated by our functional and therapeutic
data. This notion is also supported by recent studies showing
that NB tumors are often infiltrated by NK cells.>> The phe-
nomenon may be attributed to the following factors: first, NB is
characterized by a low mutational load and low MHC-I
expression'® and thus could not trigger an efficient T cell
response, whereas the immune killing of NK cells is not
restricted by MHC expression and antigen stimulation.
Second, the ligand of the DNAMI activating receptor which
triggers the cytolytic activity of NK cells is expressed in NB and
upregulated in the tumor vasculature,”® and the NK-cell-
activating receptor ligands such as MICA and MICB were
also expressed by NB cells in this study. Additionally, we
found a higher proportion of functional PD-L1-expressing
NK cells than CD8" T cells in the TME of NB. Therefore, it
has been proposed to further illustrate the molecular mechan-
ism underlying the interaction between NB and NK cells, thus
establishing a convincing biological rationale for novel NK
cell-based immunotherapies.

In line with other studies, we found that intratumoral
CD8" T cells were associated with favorable clinical outcomes
in patients with NB. However, most of NB cells, particularly
MYCN amplified cells, are human leukocyte antigen class
I negative.”” It has been revealed that in addition to alfabeta
T cells, there are small populations of gammadelta T cells and
NK cells in the tumor microenvironment of NB.>* Therefore,
it’s quite possible that gammadelta T cell and/or NK cell sub-
sets that are not restricted by MHC expression’ play a major
role in CD8-expressing cells in NB. In cytotoxicity assay, we
derived tumor associated CD8" T cells by using a similar
method described elsewhere,’" and the killing of such tumor
associated CD8" T cells is not MHC-restricted. It is probably
that NKG2D and DNAMI1 expressed by NK cells are respon-
sible for this killing. Meanwhile, this killing may also be
mediated by gammadelta T cells that are activated in an MHC-
independent manner.”® We cannot exclude the presence of
gammadelta T cell and NK cell subsets in our system.
Overall, NB is a cold tumor with poor infiltration of immune
cells, especially PD-1" T and NK cells,” which is further con-
firmed by the present study. For PD-1/PD-L1 blockade immu-
notherapy, a key issue is to ensure the sufficient infiltration of
PD-1" T and NK cells in the tumor site. Therefore, PD-1/PD-
L1 blockade immunotherapy should be used only following
a precise personalized approach, such as adoptive T and/or NK
cell transfer therapy, that may improve the immune infiltration
of NB tumor to some extent.

27,28
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Our study has several limitations. We examined only a small
fraction of total tumors in cohort_2 because of the use of tissue
microarray, and we only performed survival analyses related to
OS due to lack of EFS follow-up data. Some results in the GEO
database that were inconsistent with the two selected cohorts
may be explained by the differences in detection levels, analysis
dimensions, people, and sample size. A larger prospective
study is needed to validate the present study findings. In addi-
tion, GSE154037 used in scRNA seq analysis is a dataset that
includes only engineered NKT cells, rather than NK or con-
ventional T cells.’” NKT cells are conventionally recognized as
an important effector cell type that expresses both NK and
T cell receptors on their surface. NKT cells can produce
a large number of cytokines and play a cytotoxic role similar
to NK and T cells. Therefore, in terms of functional status,
NKT cells are considered to be representative of NK and
conventional T cells to some extent.”

In summary, our study offers new insights into the role of
PD-L1 expression in CD8" T-cell and NK-cell activation. We
also highlight the potential of intratumoral NK cells for inde-
pendently predicting prognosis and response to anti-PD-1/PD-
L1 therapy, providing a rationale for combination therapy with
NK cells and anti-PD-1/PD-L1 therapy that will be helpful to
advance the immunotherapeutic strategies in NB. This work
provides an explanation for why single anti-PD-1/PD-L1 ther-
apy may not be successful in NB and provides a potential
prospect that patients with PD-L1 expression in TILs, espe-
cially NK cells, may respond to anti-PD-1/PD-L1 therapy.
Additionally, our findings help better define risk stratification
and pave the way for an in-depth study of immune effects in
the establishment of T/NK cell-based antitumor immunity in
NB patients at a spatial level.
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