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ABSTRACT
Immune checkpoint therapy has resulted in minimal clinical response in many pediatric cancers. We 
sought to understand the influence of immune checkpoint inhibition using anti-PD-1 and anti-CTLA-4 
antibodies individually, in combination, and after chemotherapy on immune responses in minimal and 
established murine neuroblastoma models. We also sought to understand the role of the tumor micro-
environment (TME) and PD-L1 expression and their alteration post-chemotherapy in our models and 
human tissues. PD-L1 expression was enriched in human tumor-associated macrophages and up- 
regulated after chemotherapy. In a murine minimal disease model, single and dual immune checkpoint 
blockade promoted tumor rejection, improved survival, and established immune memory with long-term 
anti-tumor immunity against re-challenge. In an established tumor model, only dual immune checkpoint 
blockade showed efficacy. Interestingly, dual immune checkpoint therapy distinctly influenced adaptive 
and innate immune responses, with significant increase in CD8+CD28+PD-1+ T cells and inflammatory 
macrophages (CD11bhiCD11c−F4/80+Ly6Chi) in tumor-draining lymph nodes. Adding chemotherapy 
before immunotherapy provided significant survival benefit for mice with established tumors receiving 
anti-PD-1 or dual immune checkpoint blockade. Our findings demonstrate anti-PD-1 and anti-CTLA-4 
therapy induces a novel subset of effector T cells, and support administration of induction chemotherapy 
immediately prior to immune checkpoint blockade in children with high-risk neuroblastoma.
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Introduction

Monoclonal antibodies directed against the immune check-
point receptors Cytotoxic T-Lymphocyte Associated Protein 
4 (CTLA-4) and Programmed Cell Death 1 (PD-1/PDCD1/ 
CD279) have been at the forefront of cancer immunotherapies. 
Although signaling through these receptors induces unrespon-
siveness in effector immune cells, their mechanisms of action 
are not redundant.1,2 CTLA-4 has been shown to inhibit T cell 
activation by competing with the co-stimulatory receptor 
CD28 for B7-1 and B7-2 ligands (CD80 and CD86, respec-
tively) on antigen-presenting cells during early immune 
responses, particularly in lymph nodes (LNs). In contrast, 
PD-1 (CD279) regulates the effector functions of T cells in 
various peripheral tissues.3–5 CTLA-4 and PD-1 are up- 
regulated on activated T cells and are considered markers of 
activation. In the absence of signaling through CD28, primary 
effector T cells can be generated via T cell receptor signaling 
but the memory T cells generated without co-stimulation 
through CD28 are anergic and fail to respond to secondary 
antigen exposure. Single-agent immune checkpoint inhibition 
strategies targeting CTLA-4 (CD152) or PD-1 have 

demonstrated efficacy for treatment of several types of cancers 
including metastatic melanoma, lung cancers, and others, 6 and 
their combination was found to lead to superior survival in 
such patients.7–9 However, the success of immune checkpoint 
therapies has not been replicated in pediatric malignancies 
including high-risk neuroblastomas, which account for 15% 
of childhood cancer-related mortality.10 Identification of suc-
cessful combination therapies with immune checkpoint inhi-
bitors and a deeper understanding of mechanisms of their 
synergy for pediatric cancers are needed.

In the neuroblastoma tumor microenvironment (TME), the 
importance of inflammation and tumor-associated macro-
phages (TAM) and their prognostic relevance has been well 
established.11–14 PD-L1 expression on as-yet unidentified cells 
has been described in neuroblastoma tumors.15 Since immune 
checkpoint pathways utilized by Tregs and TAMs can suppress 
CTLs, we hypothesized that combination immune checkpoint 
blockade using anti-CTLA-4 and anti-PD-1 antibodies in an 
immunocompetent murine model of neuroblastoma may 
enhance in vivo efficacy and enable insight into mechanisms 
of synergy. We also hypothesized that combination of neoad-
juvant chemotherapy with immune checkpoint blockade may 
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further enhance survival, since chemotherapy can attenuate 
regulatory immune cells and stimulate immune effector cells 
in addition to its direct tumoricidal effects.16 In a cohort of 
human specimens, we examined PD-L1 to identify cells 
responsible for its expression and to assess the effect of che-
motherapy on its expression.

Materials and methods

Animals

All experiments and procedures were completed in accordance 
with the CHLA Institutional Animal Care and Use Committee. 
Transgenic mice carrying the SV40 large T-antigen gene (NB- 
Tag) on a C57BL6 background were previously characterized 
to represent MYCN-non-amplified neuroblastoma.17,18 The 
NBT3L cell line represents a luciferase-expressing line derived 
from NB-Tag mice in our laboratory. The transplantable model 
(NB-SQ) was established by injecting 4 × 106 NBT3L cells 
subcutaneously over the shoulder of syngeneic four-week-old 
C57BL/6 male mice. To generate an intra-renal model of neu-
roblastoma, 1 × 106 NBT3L cells were injected into the renal 
capsule. Treatment for animals with established tumors was 
started when bioluminescence signal of at least >100 photons/ 
second (log10 scale) was achieved (minimum of 21 days after 
tumor inoculation and minimum of 100 mm3 tumor volume in 
subcutaneous model). Animals were randomized to various 
groups prior to initiation of any therapy.

Immunohistochemistry (IHC) and flow cytometry

Tumor samples were obtained at diagnosis and post five cycles 
of chemotherapy and stained for PD-L1 (clone-SP142), 
PHOX2B (clone-EPR14423), CD163 (clone-10D6) on the 
same slide using a de-staining and re-staining protocol.19 In 
between each staining, the slides were imaged using an Aperio 
scanner (Leica Biosystems). All slides were reviewed by 
a neuroblastoma pathology expert. Manual scoring involved 
a three-category system: <1% expression, 1–5% expression, and 
>5% expression. Automatic scoring was performed using 
a custom pipeline in ImageJ after image alignment of all IHC 
images. Briefly, the pipeline included assessment of nucleated 
cells using a nuclear counterstain in PD-L1 images and defini-
tion of cell boundaries by dilation of a predefined nuclei algo-
rithm. PHOX2B+ tumor cells, CD163+ macrophages, and 
PD-L1+ cells were enumerated by their presence within the 
identified cells.

Tumor, tumor-draining LNs, and spleen single-cell suspen-
sions, were prepared by mechanical dissociation then passed 
through a 70 µm filter. Cells were surface-stained, then per-
meabilized followed by intracellular staining using designated 
antibodies (Supplemental Table S1) for flow cytometry on a BD 
LSRII cytometer.

Treatment of mice

Monoclonal antibodies used for treatment were purchased 
from BioXCell. Anti-CTLA-4 (clone 9D9) or corresponding 
isotype control was administered intraperitoneally to mice at 

100 μg/day. Anti-PD-1 (clone RMP1-14) or corresponding 
isotype control was administered intraperitoneally at 250 μg/ 
day. Both antibodies were administered twice weekly on days 1 
and 3 owing to the relatively rapid clearance of antibodies from 
mice, for a duration of 6 weeks. Tumor size in treated and 
control groups was assessed weekly by bioluminescence ima-
ging on an IVIS Spectrum platform (Xenogen). Tumor size in 
treated or isotype-treated groups of NB-Tag mice was mea-
sured every other week by MRI. Mice were sacrificed when 
tumor volume exceeded 500 mm3.

For depletion of T cell subsets, anti-CD4 (clone GK1.5), 
anti-CD8a (clone 2.43) or corresponding isotype control anti-
body (clone LTF-2) was administered intraperitoneally at 
500 µg daily for 3 days prior to injection of tumor cells and 
maintained with twice weekly injections (Mondays and 
Fridays) for the duration of the experiment. For re- 
challenge experiments, NB-SQ mice previously treated with 
monoclonal antibody therapy were injected subcutaneously 
above the shoulder with 4 × 106 NBT3L cells 5–14 weeks after 
the date of final therapeutic antibody injection to ensure 
sufficient time for complete clearance of antibodies. For che-
motherapy treatment, doses of cyclophosphamide (110 mg/ 
kg/day) and topotecan (0.4 mg/kg/day) were chosen after 
determining maximum tolerated doses for C57BL/6 J; they 
were injected intraperitoneally for 5 consecutive days to 
model induction therapies given to children with high-risk 
neuroblastoma.

Gene expression studies

Tumors from NB-Tag mice and control tissue (adrenal glands) 
from syngeneic wild-type mice harvested at 4, 8, 12 and 
14 weeks of age and RNA prepared using STAT-60 (Tel-Test) 
and RNeasy Mini Kit (Qiagen) per manufacturer instructions. 
Quantitative real-time PCR (qRT-PCR) for murine immune 
genes was performed using a TaqMan Low-Density Array 
(TLDA) mouse immune panel (Applied Biosystems). Cycle 
thresholds (Ct) for genes of interest were standardized by 
subtraction of the geometric mean of four housekeeping 
genes (18S, Actb, Gapdh, and Hprt1) and the resultant ΔCt 
values were normalized to baseline from 4-week-old syngeneic 
control tissue (ΔΔCt). All age and species groups were repeated 
in at least three mice per group.

Affymetrix human exon arrays were used to analyze RNA 
expression in 17 neuroblastoma cell lines and in primary tumor 
specimens of all stages collected at diagnosis prior to therapy 
from 249 patients with neuroblastoma. Tumor specimens were 
evaluated as part of the Therapeutically Applicable Research to 
Generate Effective Treatments (TARGET) initiative (https:// 
target-data.nci.nih.gov/Public/NBL/clinical/harmonized/; See 
file named “ClinicalData_Discovery”), supported by NCI U10- 
CA98543.

Statistical analysis

All statistical analyses were performed using R version-3. 
Differences in means were determined with Student’s t-test or 
one-way analysis of variance (ANOVA), not assuming equal 
variances; the Wilcoxon rank test was substituted for ANOVA 
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where indicated for non-normal data. Differences in survival 
were determined using the log-rank test.

Results

Elevated expression of PD-L1 in human MYCN-non- 
amplified tumors and cell lines

Expression of the PD-L1 gene was evaluated in neuroblastoma 
tumors isolated from a cohort of 249 patients and 17 human 
neuroblastoma cell lines (Figure 1A-C & Suppl. Fig. S1A). 
Gene expression analysis revealed significantly increased 
expression of the PD-L1 gene in MYCN-non-amplified (NA) 
cell lines compared to MYCN-amplified (A) cell lines 
(p = .033, Figure 1A). MYCN-NA tumors (n = 181) from 
patients had notably higher expression of PD-L1 compared 
to MYCN-A tumors (n = 30) (p < .0001). This over-expression 
of PD-L1 was also higher than in cell lines (MYCN-A and - 
NA, combined) (p = .0001; Figure 1B), suggesting cells within 
the TME as a possible source of PD-L1 expression in MYCN- 
non-amplified tumors. Interestingly, expression of PD-L1 
among patients with MYCN-non-amplified disease was high-
est in tumors of children with high-risk neuroblastoma 
(n = 151) compared to low-risk MYCN-non-amplified neuro-
blastoma (n = 68) (Figure 1C) or to MYCN-amplified (n = 30) 
(Figure 1A,B). There was no association between PD-L1 gene 
expression and overall survival or disease severity (Suppl. Fig. 
S1B). These gene expression data reveal higher expression of 
PD-L1 in MYCN-non-amplified neuroblastomas and suggest 
non-tumor cells in the TME as a major source of PD-L1 
expression.

PD-L1 protein expressed predominately on TAMs at 
diagnosis and up-regulated after chemotherapy

We have previously elucidated the presence and contribution 
of TAMs in maintaining an inflammatory microenvironmental 
niche for metastatic neuroblastoma17 and have shown that low 
risk neuroblastomas have a significantly lower number of 
CD163+ macrophages, with a direct correlation between pre-
sence of macrophages and stage of disease.11 To assess the 
contribution of TAMs as the source of PD-L1 expression, 
human neuroblastoma tissues (n = 40) were stained and 
imaged by serial immunohistochemical analyses for PD-L1, 
PHOX2B (tumor marker), and CD163 (TAM marker) proteins 
and analyzed both manually and by using an image processing 
pipeline. Manual scoring of PD-L1 indicated expression of PD- 
L1 on 25% (5/20) of neuroblastomas at diagnosis, with 
a marked increase to 65% (13/20, p = .011) in tumors collected 
after 5-cycles of chemotherapy (Figure 1D). At diagnosis, NA- 
MYCN tumors did not exhibit more PD-L1 than MYCN-A 
tumors (Figure 1E); this may at least partially reflect the finding 
that half of samples in the MYCN-NA subgroup were from 
low-/intermediate-risk group as low-risk NA-MYCN tumors 
had less PD-L1 expression than high-risk NA-MYCN tumors 
Figure 1C. There were not significant differences in PD-L1 
expression between MYCN-A versus NA tumors in diagnostic 
or post-chemotherapy specimens; however, there was 
a significant increase in PD-L1 expression in MYCN-NA 

tumors post-chemotherapy compared to those obtained at 
diagnosis (Mann-Whitney U-test p = .02) (Figure 1E), suggest-
ing that chemotherapy selected for cells with high PD-L1 
expression. Notably, histologic analysis revealed PD-L1+ 

expression on CD163+ TAMs both at diagnosis and post- 
chemotherapy, whereas expression of PD-L1 on PHOX2B+ 

tumor cells was detectable at very low frequency (Figure 1F). 
Automated, quantitative analysis of diagnostic tissues indi-
cated that PD-L1+ TAMs comprised an average of about 12% 
(median 8%) of all cells within the 12 neuroblastomas analyzed, 
and confirmed qualitative, manual immunohistochemical find-
ings by showing that an average of 10% (median 7%) of cells in 
neuroblastomas were PD-L1+ CD163+ TAMs whereas only 1% 
(median 1%) were PD-L1+PHOX2B+ tumor cells (Figure 1G). 
Automated analysis of post-chemotherapy tissues was not pos-
sible due to induction of hemosiderin deposits and necrosis. 
Together, these findings indicate that CD163+ TAMs are 
a dominant source of PD-L1 positivity within the neuroblas-
toma TME.

An immunosuppressive TME in the NB-Tag and NB-SQ 
murine models

Prior to evaluating the efficacy of immune checkpoints and 
combination therapies, we assessed immune cell composition 
of the neuroblastoma TME in transgenic spontaneous tumor 
(NB-Tag)17,18 and syngeneic subcutaneous injection (NB-SQ) 
tumor models. This aggressive MYCN-non-amplified neuro-
blastoma model shows a consistent age-dependent growth of 
tumors that allows detailed analysis of gene expression and 
immunomodulatory cytokines. Significantly higher expression 
of the TGFB1 gene was observed in NB-Tag tumors at different 
stages of disease progression at both < 12 weeks (p = .03) and ≥ 
12 weeks (p = .005) old mice. We also observed higher expres-
sion of CD4 and IL10 genes in NB-Tag tumors of mice ≥ 
12 weeks (p = .004 and p = .03, respectively) (Figure 2A). Flow- 
cytometric analysis of NB-Tag tumors revealed presence 
approximately one-fifth of T cells in the TME comprised 
Tregs (CD3+CD4+CD25+Foxp3+), with their frequency 
remaining relatively unchanged at all stages of disease progres-
sion (Figure 2B and Suppl. Fig. S2). In contrast, the frequency 
of myeloid-derived suppressor cells (MDSCs) identified by the 
CD11b+CD11c−Ly6Gbright phenotype in the TME continu-
ously increased (p = .0003) while the frequency of NK cells 
(NK1.1+) decreased over time (p = .02) (Figure 2C). PD-L1 
expression in a subset of CD45− cells (Figure 2D) and TAMs 
(Figure 2E) increased from 14 to 18 weeks of age (p < .05) with 
peak expression observed at 16 weeks of age. Analysis of the 
expression of immune checkpoint proteins PD-1 and CTLA-4 
on tumor-infiltrating T cells also showed a statistically signifi-
cant increase in their frequency in the CD4+ and CD8+ T cell 
subsets over time, mirroring the timing of alterations observed 
in PD-L1+ TAMs (Figure 2F). Overall, these observations 
reveal a dynamically evolving immunosuppressive microenvir-
onment during the tumor growth phase of NB-Tag mice 
(Figure 2A-F & Suppl. Fig.S2).

We extended our investigations to blood, bone marrow and 
draining lymph nodes (LNs) of NB-Tag and wild-type mice to 
document changes in the frequencies of immune subsets over 
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Figure 1. PD-L1 (CD274) gene expression and immunohistochemical analysis in human neuroblastoma samples. (A) Gene expression analysis (Affymetrix Human 
Exon Arrays) of 17 cell lines demonstrate significantly higher expression of PD-L1 in MYCN-non-amplified (NA) cell lines (n=10) compared to MYCN-amplified (A) cell lines 
(n=7, p=0.033); (B) Comparison of 249 neuroblastoma tumors and 17 cell lines revealed significantly higher gene expression of PD-L1 in MYCN -non-amplified (NA) 
tumors (n=181) compared to MYCN-amplified (A) tumors (n=68, p<0.0001) or to all (A+NA) cell lines (n=17, p=0.0001); (C) Among MYCN-NA tumor samples, those from 
high-risk patients (n=151) showed significantly increased PD-L1 expression compared to low-risk tumors (n=30, p=0.005) or to all (A+NA) cell lines (n=17, p=0.02); (D) 
Scoring of PD-L1 protein expression on 40 neuroblastoma tissues (20 at diagnosis and 20 post-chemotherapy) stained by immunohistochemistry and classified into 
three groups based on the expression of PD-L1: negative or lower than 1% (< 1%), 1 to 5% (1-5%) and higher than 5% (> 5%). (E) PD-L1 protein expression in 40 
neuroblastoma tissue sections categorized by their MYCN status at diagnosis or post-chemotherapy; (F) Representative images of neuroblastoma sections serially 
stained for PD-L1 protein (membrane staining, brown, arrows pointing at some PD-L1+ cells), followed by staining for PHOX2B (nuclear staining, red, arrows pointing at 
couple of PHOX2B+ cells negative for PD-L1) and for CD163 (membrane staining, red, arrows pointing at CD163+ cells co-expressing PD-L1). (G) Violin plot distribution of 
PD-L1+ cells along with CD163+ TAMs and PHOX2B+ tumor cells and their subsets expressing PD-L1 in neuroblastoma samples at diagnosis of PD-L1+ cells along with 
CD163+ Tas, and PHOX2B+ tumor cells (n=12 samples analyzed).

4 S. SHIRINBAK ET AL.



Figure 2. The immunosuppressive microenvironment of transgenic and syngeneic murine neuroblastomas and association with PD-L1 mRNA and protein expression. 
(A) Boxplot showing intensity of mRNA expression (Log2) of inflammation related genes TGFB1, CD4 and IL-10 in tissue lysates from the adrenal gland and NB-Tag 
tumors of wild-type C57BL/6 and NB-Tag mice, respectively, before and after 12 weeks of age by qRT-PCR (n = 6 per group); (B) Flow cytometric analysis of the Treg 
population (mean = 22.6% of CD4+ T-cells, n = 20) in tumors and draining para-aortic lymph nodes of transgenic NB-Tag mice and the para-aortic nodes of wild-type 
mice (mean 20.2% vs 8.5%, p=0.03, n = 3-15/group); (C) Summary of changes in population frequencies observed in the TME population of MDSCs [CD11b+CD11c−Ly6G 
(Gr-1)bright], NK (NK1.1+) cells, TAMs (CD11b+CD11c−Ly6G−F4/80high) over time between 14-22 weeks of age as measured by flow cytometry. Boxplots suggest a 
temporal decrease in NK cells and increase in MDSCs over time. A trend towards increase in TAMs was not significant (p = 0.07). P-values reflect testing for a linear trend 
over time by regression analysis; n = 3-5 mice per age group; (D) Mean fluorescence intensity (MFI) index of PD-L1 protein expression on tumor cells (CD45−) and (E) 
frequency of PD-L1+ TAMs (F4/80+) in tumors from NB-Tag mice between 14-18 weeks of age. (F) PD-1 and CTLA-4 expression on tumor-infiltrating CD4+ and CD8+ T- 
cells over time by flow cytometry. (G) Comparison of the immune landscape in the TME of the transgenic NB-Tag model versusthe subcutaneous (NB-SQ) syngeneic 
murine model by flow cytometry (average of weeks 14-22). Significance: *, < 0.05; **, < 0.005; ***, < 0.0005.
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time. In draining para-aortic lymph nodes, a significantly lar-
ger portion of CD4+ T cells was identified as Tregs in NB-Tag 
mice compared to wild-type mice (mean 20.2% versus 8.5%, 
p = .03) (Figure 2B), while no significant differences in Treg 
frequency were observed in blood or bone marrow (data not 
shown). The data clearly indicate that the majority of altera-
tions in the distribution of immune cell types in the transgenic 
NB-Tag mouse model occur predominantly within the TME or 
draining LNs.

We next compared the TME of the NB-Tag model with 
syngeneic tumor models derived from NB-Tag derived cell line 
(NBT3L) used in our immunotherapy experiments. The 
NBT3L model has an engraftment rate of 85% in either sub-
cutaneous or orthotopic injection into C57BL/6 mice (Suppl. 
Fig. S3). Flow-cytometric analysis of tumor and tumor- 
infiltrating cells in subcutaneous tumors indicated an immu-
nosuppressive microenvironment, similar to that observed in 
the NB-Tag model (Figure 2G). Barring a few incongruities 
such as a notably higher frequency of Tregs (p = .0003) and 
fewer B-cells (p = .0004) in subcutaneous versus NB-Tag tumor 
milieus (Figure 2G), the distribution of the majority of CD45+ 

cells including macrophages, MDSCs, CD8+ T cells, and CD4+ 

T cells was comparable in the two models (all p > .10). These 
results indicate remarkable similarity in the TMEs of the syn-
geneic tumor model and transgenic mouse model, and suggest 
that these models can be used to reproducibly study the target-
ing of tumor immune regulation with immune checkpoint 
blockade.

Combination of high-dose chemotherapy and immune 
checkpoint inhibition regresses established tumors and 
improves survival

Twenty-four hours after subcutaneous injection with NBT3L 
cells, mice were treated with anti-CTLA-4, anti-PD-1, or in 
combination, for a total of 6 weeks (see schema in Figure 3A). 
Significant rejection of transplanted tumor cells was observed 
upon early intervention with any form of immune checkpoint 
therapy, with an overall survival of 86.7%, 80%, or 88.9%, 
respectively, versus 23.8% in isotype control treated C56BL/6 
mice (p = .0005) (Figure 3B-C). We did not observe any 
additive or synergistic advantage for combination immune 
checkpoint therapy compared to monotherapies in this setting.

Next, mice with established tumors were evaluated for the 
combination of immune checkpoint inhibitors alone and after 
a course of high-dose chemotherapy with cyclophosphamide 
(110 mg/kg/day) and topotecan (0.4 mg/kg/day), simulating 
the 5-day chemotherapy induction protocol used for treatment 
of children with high-risk neuroblastoma. Unlike the responses 
obtained with immune checkpoint therapies administered 
soon after tumor inoculation, all mice with established tumors 
receiving the same therapy had to be euthanized by day 65 
because of large tumors. Within these treatment groups, com-
bination immune checkpoint therapy (anti-PD-1 plus anti- 
CTLA-4 antibodies) showed a statistically significant (p = .04) 
delay in tumor growth and an increase in survival compared to 
immune checkpoint monotherapy or isotype control groups 
(Figure 3D). Encouragingly, treatment of established tumors 
with chemotherapy prior to immune checkpoint inhibition 

dramatically improved outcome. Compared to isotype con-
trols, a large increase in survival was observed for mice with 
established tumors receiving anti-PD-1 monotherapy 
(p < .005) or anti-PD-1 plus anti-CTLA-4 together 
(p < .0005) when administered after chemotherapy, and 
a trend toward significance was observed between these two 
groups (p = .09) (Figure 3E,F, Figure S6). These findings 
demonstrate that anti-PD-1 and its combination with anti- 
CTLA-4 enhance anti-tumor immunity post-chemotherapy in 
the bulky murine neuroblastoma model, suggesting two poten-
tial therapeutic approaches capable of producing long-lasting, 
durable clinical responses in children with high-risk 
neuroblastomas.

Tumor rejection and long-term anti-tumor memory 
response occurs in a CD8+ T cell-dependent manner in the 
NB-SQ model of neuroblastoma

The above findings indicate that immune checkpoint inhibi-
tion can render different anti-tumor responses depending on 
the stage of tumor development and degree of TME establish-
ment. We first demonstrated that effective depletion of CD8+ 

T cells but not CD4+ T cells led to complete ablation of efficacy 
of immune checkpoints, as expected. In the CD8+ T cell- 
depleted cohort, all engrafted mice developed tumors with 
accelerated growth compared to non-depleted controls 
(p < .005) (Figure 4A,B). We then sought to examine the long- 
term immune memory response in our NB-SQ murine model 
following early immune checkpoint therapy and tumor rejec-
tion. Mice that had successfully rejected tumors following 
immune checkpoint therapy were re-challenged with the 
same dose of NBT3L cells at one month (Figure 4C,E), and 
three months (Figure 4D) following completion of the last dose 
of treatment. A brief increase in the bioluminescence signal 
after re-challenge in mice treated with immune checkpoint 
inhibitors was observed, indicative of tumor growth. 
However, unlike the control group, the signal intensity of 
mice previously treated with immune checkpoint therapy 
showed diminished signal after one week and none of these 
animals developed tumors within the next 6 weeks of monitor-
ing (Figure 4C). Rejection of repeated tumor cell inoculations 
and long-term immune protection was observed in all treat-
ment groups irrespective of whether the mice had received 
single or combination immune checkpoint therapy 
(Figure 4E). These observations clearly indicate that inhibition 
of tumor growth by immune checkpoint blockade is mediated 
by CD8+ T cells and induces a long-term memory response.

Immune checkpoint inhibitors modulate the immune 
system via distinct mechanisms

As chemotherapy significantly depletes lymphocytes in circu-
lation and eviscerates draining lymph nodes, we attempted to 
gain insight into the mechanisms of tumor rejection by 
immune checkpoint inhibitors by analyzing subsets of immune 
cells in secondary lymphoid organs and blood starting five days 
after tumor cell inoculation and following either monotherapy 
or combination immune checkpoint therapy. A significant 
increase in the number of CD3+, CD4+, CD8+ T cells and 
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Figure 3. Efficacy of single and dual immune checkpoint blockade during minimal and established disease, and post-chemotherapy in established neuroblastoma 
tumors. (A) Schematic representation of immune checkpoint blockade as an early intervention in the subcutaneous (NB-SQ) murine model and late intervention in established 
tumors with or without chemotherapy in the orthotopic model of neuroblastoma. Mice were administered intraperitoneally twice a week with anti-CTLA-4 and anti-PD-1 antibodies 
or their combination for 6 weeks starting 24 hours after tumor cell injection (4x106 cells) in the NB-SQ model (minimal disease model, left schematic In the established tumor model 
(right schematic), 1x106 tumor cells were injected orthotopically during surgery to induce renal tumors. Once tumors achieved a bioluminescence signal > 100 photons/second (p/s; 
log10 scale) (minimum of 21 days after tumor cell injection), chemotherapy consisting of cyclophosphamide plus topotecan was administered consecutively for 5 days followed by 6 
weeks of either single or dual immune checkpoint therapy as described above. (B) Kaplan−Meier survival curve of mice from the NB-SQ model receiving early intervention with 
immune checkpoint blockade. (C) Bioluminescence imaging for luciferase-expressing tumors in NB-SQ mice during early intervention with combination immune checkpoint 
treatment compared to isotype-treated controls. Panels show 5 representative mice for each treatment group at 6 weeks after checkpoint blockade. (D, E) Kaplan-Meier survival curve 
of mice with established renal tumors receiving delayed intervention with single or combination immune checkpoint antibodies either (D) without, or (E) with chemotherapy. (F) 
Bioluminescence imaging for luciferase-expressing tumors of mice treated with the indicated immune checkpoint blockade following chemotherapy starting at week 0 when tumors 
reached a bioluminescence signal > 100 p/s. Panels include images of (5-6) representative mice for each treatment group at 0, 8 and 14 weeks post chemotherapy. Significance: *, < 
0.05;, **,: < 0.005;, ***, < 0.0005.
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their CD28+ and PD-1+ subsets were observed in tumor- 
draining LNs, spleens and blood in mice treated with either 
monotherapy or combination of immune checkpoint inhibi-
tors compared to isotype controls with the greatest effect 
observed in draining LNs and with combination of immune 
checkpoint inhibitors (Figure 5 and Fig. S4). However, the 
pattern of alterations varied between monotherapies and com-
bination therapies, with increase in the CD8+CD28+ T cell 
population only seen in anti-CTLA-4 and the combination of 
anti-CTLA-4 plus anti-PD-1 immunotherapy in draining LNs 

(Figure 5A). Meanwhile, the CD8+ CD28+PD-1+ subset sig-
nificantly increased only in tumor-draining LNs of animals 
treated with the combination of anti-CTLA-4 plus anti-PD-1 
therapy (Figure 5B). The combination therapy also increased 
CD8+ CD28+PD-1+ in spleen but not blood (Figure 5C-D) 
indicating that the likely benefit of combination therapy is 
enhancement of the number and frequency of CD28+PD-1+ 

effector T cells, particularly in draining LNs. We also noted an 
unexpected and significant increase in CD4+CD28+PD-1+ cells 
in draining LNs and blood of mice treated with anti-PD-1 or 

Figure 4. Tumor rejection by early immune checkpoint treatment induces long-term anti-tumor immunity in a CD8+ T-cell dependent manner. (A) 
Bioluminescence imaging for luciferase expressing tumors in five representative mice depleted of either CD4+ or CD8+ T cells prior to treatment with a combination of anti- 
CTLA-4 and anti-PD-1 antibodies 24 hours after tumor injection in the NB-SQ model.; (B) Tumor growth curve in NB-SQ mice with and without immunodepletion of CD4+ 

and CD8+ T cells (monitored by bioluminescence image analysis). Treatment with combination immunotherapy and isotype controls served as positive and negative controls 
in the experiment. P-values were calculated using the difference of logs of D11 and D34. (p=0.001); (C-D) Mice treated twice weekly for 6 weeks with the combination of 
anti-CTLA-4 and anti-PD-1 antibodies or isotype controls (small black arrows) were re-challenged with tumor cells (4x106) approximately 1 month (C) and 3 months (D) after 
completion of antibody therapy. Mice treated with isotype control and tumor-naïve mice served as controls for tumor rejection and subsequent re-challenge, respectively (n 
= 5 per group). (E) Bioluminescence imaging of representative mice for luciferase expression demonstrates induction of long-term immune memory with either single or 
dual immune checkpoint treatment. *, < 0.05; **, < 0.005; ***, < 0.0005.
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anti-CTLA-4 plus anti-PD-1 (Figure 5B,D). Among the innate 
immune cells, an increase in number of F4/80+ macrophages in 
the LNs after combination immune checkpoint treatment was 
predominantly observed in the C D11bhiCD11c−F4/80+Ly6Chi 

subset, a phenotype characteristic of the inflammatory 

subgroup of macrophages (Figure 5E,G). In the spleen, the 
total macrophage population did not increase in frequency 
after single or combined immune checkpoint inhibition 
(Figure 5F), but the frequency of the inflammatory subgroup 
of macrophages was significantly higher in mice receiving anti- 

Figure 5. Induction of CD8+CD28+ PD-1 cells and innate immune cells in response to dual immune checkpoint blockade in secondary lymphoid organs and 
peripheral blood. Flow cytometric analysis of tumor draining LNs, spleens, and blood for different T cells population (A-D) and macrophages (E-H). (A) Average 
number (+SD) of CD4+CD28+ and CD8+CD28+ cells in tumor draining LNs. (B) Average number (+SD) of CD4+CD28+PD-1+ and CD8+CD28+PD-1+ cells in tumor draining 
LNs and (C), spleens (D), and peripheral blood. (E) Average number (+SD) of F4/80+ macrophages in draining lymph nodes (F) and spleens. (G) Average percentage 
(+SD) of various F4/80+ macrophage subtypes based on Ly6C expression in tumor draining lymph nodes and (H) spleen. (n=4-5 mice per group). *, < 0.05; **, < 0.005; 
***, < 0.0005.
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PD-1 monotherapy compared to other treatment groups 
(Figure 5H). Circulating blood neutrophils were also observed 
to increase in response to anti-PD-1 (suppl. Fig. S5A), while the 
NK cell population significantly increased in draining LNs 
following anti-CTLA-4 and combination treatment (suppl. 
Fig. S5B), possibly owing to a treatment-induced inflamma-
tion-associated milieu of cytokines and chemokines in the 
TME, such as IL-23 known to recruit neutrophils and CXCL9 
and CXCL11 known to recruit NK cells. Overall, these data 
indicate that treatment with anti-PD-1, anti-CTLA-4, or their 
combination affects the innate and adaptive immune system 
distinctly in different tissues, with combinatorial immune 
checkpoint therapy generating discernable anti-tumor 
CD8+CD28+PD-1+ adaptive immunity in the draining lymph 
nodes of the NB-Tag murine neuroblastoma model.

Discussion

Use of chemotherapy regimens, having both cytotoxic and 
immune modulatory effects, together with immune checkpoint 
blockade has potential to stimulate an effective immune 
response to control residual tumor cells.16 However, results of 
early phase clinical trials with immune checkpoint therapies in 
childhood cancers have been disappointing, and new therapies 
and drug combinations that achieve effective and durable 
treatment responses are needed. In the iMATRIX phase I/II 
trial of the anti-PD-L1 antibody atezolizumab as a single agent 
in previously treated patients with neuroblastoma and other 
malignancies, atezolizumab was well tolerated; however, while 
4 of the 11 patients with neuroblastoma exhibited stable dis-
ease, 0 of the 11 exhibited a partial or complete response.20 In 
a clinical trial of the anti-CTLA-4 antibody ipilimumab as 
a single agent in 21 pediatric patients including one patient 
with neuroblastoma, ipilimumab was well tolerated but no 
objective tumor regression was detected, although improved 
overall survival was observed for patients who exhibited 
immune-related toxicities compared to those who did not.21 

These studies are consistent with results from our pre-clinical 
murine model of established neuroblastoma in the absence of 
chemotherapy, in which we observed no response to anti-PD-1 
or anti-CTLA-4 antibodies as single agents. However, when 
combined, anti-PD-1 with anti-CTLA-4 induced significant 
systemic and local immune responses in the murine model, 
with alteration of myeloid cells to an inflammatory phenotype, 
marked increase in CD28+ PD-1+ effector T cells in draining 
lymph nodes, and establishment of immune memory protec-
tive against tumor re-challenge. Interestingly, in tumors of 
children with high-risk neuroblastoma, we demonstrate that 
chemotherapy significantly and specifically increased expres-
sion of PD-L1 in TAMs. Most importantly, in the murine 
model, preceding immune checkpoint blockade with neoadju-
vant chemotherapy in mice with established tumors signifi-
cantly improved long-term survival and led to cures.

Our present analysis of the TME in the transgenic and 
syngeneic NB-Tag model of MYCN-non-amplified 
neuroblastoma17 revealed an immune suppressive TME 
where TAM infiltration is associated with an increase in PD- 
L1 and TGFB1 gene expression and decrease in frequency of 
cytotoxic lymphocytes. This data is in line with our serial IHC 

analysis of primary human neuroblastoma specimens revealing 
expression of PD-L1 on infiltrating TAMs. These results sup-
port the concept of dynamic PD-L1 expression on both tumor 
cells and tumor-infiltrating immune cells during tumor evolu-
tion and post chemotherapy. Relevant to these dynamics, PD- 
L1 gene regulation has been shown to be IFN-γ-dependent. For 
example, PD-L1 protein is expressed on some human neuro-
blastoma cell lines and can be further induced by treatment 
with IFN-γ; interestingly, constitutive PD-L1 expression can be 
lost when neuroblastoma cells are injected subcutaneously into 
mice, but PD-L1 expression can be restored by bolus injection 
of IFN-γ directly into the tumor.22 Similarly, PD-L1 is pro-
duced in an IFN-γ-dependent manner in melanoma cells and 
ovarian cancer cells.23,24 Neuroblastoma samples that we 
obtained post-chemotherapy were collected from patients 
that had undergone a minimum of five cycles of combination 
chemotherapies including combinations of alkylator, platinum, 
topoisomerase inhibitor, and anthracycline-based chemothera-
pies. It has been proposed that combinations of these che-
motherapies are responsible for an immunogenic cell death 
leading to type I interferon response and alteration in the 
TME with subsequent PD-L1 expression, thus providing the 
rationale for combining chemotherapy with anti-PD-1.25 

Future studies using multiplex imaging techniques of human 
neuroblastoma samples at various timepoints of therapy 
including recurrence should shed light to the dynamic expres-
sion of PD-L1 and additional cells that may express this 
immune checkpoint. Taken together, our data demonstrate 
an immunosuppressive microenvironment in the NB-Tag 
murine model of neuroblastoma, and increased PD-L1 protein 
expression on TAMs in both the murine model and in post- 
chemotherapy tumor tissues from patients.

Our gene expression data demonstrated higher PD-L1 
expression in human MYCN-non-amplified neuroblastomas 
at diagnosis, with significant increase in frequency of PD-L1 
positive tumors noted post-chemotherapy. TAMs play an 
important role in maintaining an inflammatory microenviron-
mental niche for metastatic neuroblastoma lacking MYCN 
amplification. In turn, MYCN-non-amplified neuroblastomas 
actively promote monocyte/TAM infiltration via secretion of 
CCL2, a well-known and potent attractant of macrophages. We 
and others have previously shown using an anti-CCL2 neutra-
lizing antibody that blockade of CCL2 (which was secreted 
from neuroblastoma cells in vitro) inhibits monocyte migra-
tion toward the neuroblastoma cells, and relatedly, that MYCN 
activity in MYCN-amplified neuroblastomas suppresses pro-
duction of CCL2, as demonstrated by an inverse correlation 
between MYCN amplification and CCL2 gene expression, 
increase in CCL2 expression upon knock-down of MYCN, 
decrease in CCL2 protein expression upon enforced expression 
of MYCN, and direct binding of MYCN to the CCL2 
promoter.26,27 The increase in PD-L1+ macrophage recruit-
ment by MYCN-non-amplified tumor cells along with dynamic 
regulation of PD-L1 expression provides an explanation for the 
increase in PD-L1 positivity in MYCN-non-amplified tumors 
post chemotherapy.

Minimal clinical response has been observed in pediatric 
clinical trials of immune checkpoint therapies.21 These results 
are consistent with our findings of failure of immune 
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checkpoint monotherapies in mice with established disease. 
However, we did find significant prolongation of survival in 
mice with established tumors treated with the combination of 
anti-PD-1 and anti-CTLA-4, suggesting a synergistic effect and 
consistent with these agents working through distinct mechan-
isms. Importantly, in mice with established neuroblastomas, 
our data provide evidence for efficacy of chemotherapy with 
cyclophosphamide and topotecan followed by anti-PD-1 or 
anti-PD-1 plus anti-CTLA-4 therapy. Cyclophosphamide is 
known to deplete immunosuppressive cells, release antigens 
from tumor cells, and stimulate T cells, and topotecan up- 
regulates major histocompatibility class I molecules and Fas 
expression, thereby rendering tumor cells more sensitive to 
T cell-mediated cytotoxicity.28 These findings add to recent 
literature describing the success of immune checkpoint block-
ade in combination with various therapeutic strategies for 
achieving synergistic and durable clinical responses. 
Combining chemotherapies with immune checkpoint block-
ade has also shown encouraging results in retrospective and 
meta-analysis of adult clinical studies, including non-small cell 
lung cancer and Hodgkin lymphoma.29,30 Dual blockade with 
anti-PD-1 and anti-CTLA-4 antibodies in combination with 
tumor vaccines has led to increased levels of tumor rejection in 
murine models for melanoma, colon and ovarian cancer.31,32 

Similarly, combination of immune checkpoint inhibition with 
local radiation therapy has been shown to activate the adaptive 
immune system and enhance abscopal effects.33,34

We also demonstrate a novel mechanism for the success of 
dual immune checkpoint therapy. Expansion of a CD28+ sub-
set of T cells exhibiting a transitional memory phenotype has 
been observed in patients receiving either anti-CTLA-4 or 
combination anti-CTLA-4 plus anti-PD-1 therapy.35 CD28 is 
a pivotal positive costimulatory molecule that defines T cell 
motility and formation of immune synapse between T cells and 
antigen-presenting cells (APCs) leading to activation of effec-
tor T cells and induction of an anti-tumor response.36 

Proliferating CD8+ T effector cells expressing CD28 and high 
levels of PD-1 with co-expression of CTLA-4 in peripheral 
blood were observed after PD-1-targeted therapy in lung can-
cer patients and associated with clinical benefits.37 The CD28 
receptor on T cells has been shown to be a primary target for 
PD-1 mediated inhibition.38 Expression of CD28 by T cells is 
critical for PD-1 signaling and for expansion of effector T cells, 
as it has been shown that CD28 deficiency or blocking the 
CD28/B7 pathway abrogates the anti-tumor effects of anti-PD 
-1 treatment in a colon carcinoma murine model.38,39 

Expression of CD28-PD-1 fusion proteins in CD8 + T cells 
also overcomes the PD-1:PDL-1 immunosuppressive axis and 
improves cytolytic activity.40 The increase in CD4+CD28+PD- 
1+ T cell subset likely improves the anti-tumor effect of their 
CD8+ counterparts as the CD28:PD-1 fusion protein expressed 
in CD4 + T cells has been shown to improve the cytotoxic 
efficacy of CD8+CD28+PD-1+ T cells in models of pancreatic 
carcinoma and non-Hodgkin’s lymphoma.41 While increase in 
the number of CD4+CD28+ T cell subsets likely enhances 
CD8+CD28+ effector functions in our model, we believe the 
increase in CD8+CD28+ effector cells most predominantly seen 

in tumor-draining LN of the mice treated with combination of 
immune checkpoint therapies was the crucial component of 
the anti-tumor response. This is supported by our finding that 
depletion of CD8+ but not CD4+ cells abrogates the effects of 
immune checkpoint blockers. Additional alterations in innate 
immune cell profiles likely contributed to the efficacy of com-
bination immune checkpoint therapy, such as the observed 
increases in neutrophil counts and a subset of inflammatory 
macrophages in draining LN and spleen of mice receiving anti- 
PD-1 or combined anti-PD-1 and anti-CTLA-4 therapies.

It has previously been shown that the efficacy of anti-PD-1 
can be increased by anti-GD2 antibody in the NXS2-HGW 
model of murine neuroblastoma42 and that the efficacy of anti- 
PD-1 or anti-PD-L1 can be increased by anti-CD4 antibody in 
the Neuro2a and NXS2 models of murine neuroblastoma.43 

Our results complement these earlier reports by showing that 
treatment with anti-PD-1 antibody or with anti-PD-1 plus 
anti-CTLA-4 can provide increased efficacy when administered 
soon after standard induction chemotherapy. If tested in the 
clinic, pediatric patients could be managed with standard tools 
available for treating patients for chemotherapy-induced neu-
tropenia and for side effects related to immune checkpoint 
immune checkpoint blockade such as endocrinopathies, colitis, 
and pneumonitis using therapies such as steroids, non- 
steroidal anti-inflammatory drugs, or in some cases anti- 
TNFα monoclonal antibody (infliximab) or anti-integrin 
α4β7 antibody (vedolizumab).44

While our study supports the administration of anti-PD 
-1 or anti-PD-1 plus anti-CTLA-4 after induction che-
motherapy, our experimental models had limitations. First, 
it was not feasible for us to examine tumor-infiltrating cells 
by IHC after chemotherapy, owing to deposits of hemosi-
derin and severe intratumor necrosis induced by cyclopho-
sphamide and topotecan in our mouse model. Second, it 
should be noted that the subcutaneous and orthotopic mod-
els used in this study are of localized disease and may not 
faithfully represent all cases of metastatic disease in which 
some sites of disease may be more resistant to immune cell- 
mediated cytotoxicity than others.

In summary, our data demonstrate that dual immune 
checkpoint blockade using anti-PD-1 and anti-CTLA-4 anti-
bodies activates CD8+CD28+PD-1+ T cells and inflammatory 
TAMs in a potentially synergistic manner leading to enhanced 
tumor control. The prolonged survival observed after sequen-
tial treatment with induction chemotherapy followed by either 
anti-PD-1 or anti-PD-1 plus anti-CTLA-4 immunotherapy in 
the syngeneic murine NB model suggests opportunities for 
application in children with recurrent neuroblastoma.
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