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ABSTRACT
Tumor-associated macrophages (TAM) and cancer-associated fibroblasts (CAF) and their precursor 
mesenchymal stromal cells (MSC) are often detected together in tumors, but how they cooperate is not 
well understood. Here, we show that TAM and CAF are the most abundant nonmalignant cells and are 
present together in untreated human neuroblastoma (NB) tumors that are also poorly infiltrated with 
T and natural killer (NK) cells. We then show that MSC and CAF-MSC harvested from NB tumors protected 
human monocytes (MN) from spontaneous apoptosis in an interleukin (IL)-6 dependent mechanism. The 
interactions of MN and MSC with NB cells resulted in a significant induction or increase in the expression 
of several pro-tumorigenic cytokines/chemokines (TGF-β1, MCP-1, IL-6, IL-8, and IL-4) but not of anti- 
tumorigenic cytokines (TNF-α, IL-12) by MN or MSC, while also inducing cytokine expression in quiescent 
NB cells. We then identified a TGF-β1/IL-6 pathway where TGF-β1 stimulated the expression of IL-6 in NB 
cells and MSC, promoting TAM survival. Evidence for the contribution of TAM and MSC to the activation of 
this pathway was then provided in xenotransplanted NB tumors and patients with primary tumors by 
demonstrating a direct correlation between the presence of CAF and p-SMAD2 and p-STAT3. The data 
highlight a new mechanism of interaction between TAM and CAF supporting their pro-tumorigenic 
function in cancer.
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Introduction

The tumor microenvironment (TME) provides multiple 
mechanisms of therapeutic resistance and immune escape to 
cancer cells.1–3 Tumor-associated macrophages (TAM) and can-
cer-associated fibroblasts (CAF) and their precursors, mesench-
ymal stromal cells (MSC), play an important modulatory role in 
the TME.4,5 These cells have a significant degree of heterogeneity 
and can be educated or polarized by tumor cells toward pro- or 
anti-tumorigenic functions.6,7 TAM and CAF are frequently 
detected together in tumors, and their presence is often an 
indicator of poor clinical outcome,8–10 but their ability to coop-
erate during tumor progression has not been examined in detail.

The rapid development of successful immunotherapies in 
some cancers and the realization of the critical role of the TME 
have made the understanding of the TME landscape critically 
important.11 Hence, a better characterization of the mechanisms 
and cells involved in inducing a therapy resistant TME will allow 
for the development of more successful cancer treatment.

Neuroblastoma (NB) is the most common extracranial solid 
tumor in children12 and a cancer where passive immunother-
apy has been shown to be effective post-chemotherapy in newly 

diagnosed patients or in combination with chemotherapy in 
recurrent and refractory disease.13–15 Fifty percent of the chil-
dren diagnosed with NB are classified as having a high-risk 
cancer based on amplification of the MYCN oncogene 
(MYCN-A), or on unfavorable histological and clinical 
features.16,17 The presence of an inflammatory signature inclu-
sive of myeloid markers in high-risk NB lacking MYCN ampli-
fication (MYCN-NA) also carries a poor prognosis.18 TAM 
and CAF that share characteristics of MSC are often present 
in high-risk NB tumors, where each exert a pro-tumorigenic 
function, promoting tumor cell growth, survival, and resistance 
to chemotherapy.19–21

Here, we investigated how monocytes (MN)/TAM and CAF 
or MSC cooperate in the TME of NB tumors and support 
immune escape of malignant cells.

Materials and methods

Cell lines and human monocytes

Human NB cell lines CHLA-255, SK-N-AS (MYCN-NA), 
CHLA-136, SK-N-BE(2) (MYCN-A) were established at 
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Children’s Hospital Los Angeles and cultured as previously 
described.19 Cell line authentication was done by genotype 
analysis using AmpFISTR® Identifier® PCR Amplification Kit 
and Gene Mapper ID v3.2 (Applied Biosystems). Some cell 
lines have been transfected with a Luciferase expression vector 
or green fluorescent protein (GFP) expression vector. 
Experiments were conducted with three sources of MSC. 
Human MSC were obtained from the bone marrow of healthy 
donors, from the bone marrow of patients with metastatic NB 
(designated BM-MSC) and collected from freshly resected NB 
tumors (designated CAF-MSC) as previously described.19 

Human monocytes (MN) were isolated from the peripheral 
blood of healthy blood donors using a protocol previously 
reported.22 A freshly purified MN preparation from different 
donors was used for each experiment. MN were routinely 
tested for viability by trypan blue exclusion and for their ability 
to differentiate into M1 macrophages in the presence of gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF).

When indicated, MN and MSC were pre-incubated with NB 
cells for 3–5 d. Cells were periodically assessed for the absence 
of Mycoplasma using MycoAlert™ PLUS Mycoplasma 
Detection Kit (Lonza).

In vitro cultures

Co-culture experiments were performed in transwell (0.4 µm 
pore membranes, Corning). Dual co-cultures were performed 
with a 1:1 ratio for NB:MN and a 4:1 ratio for NB:MSC and 
MN:MSC. Triple co-culture used a 4:4:1 ratio for NB:MN: 
MSC. NB cells and MSC were seeded separately the first day 
and fresh MN added after 24 h in the presence of Iscove’s 
Modified Dulbecco’s Medium (IMDM) and 2% acid-treated 
FBS (Ac-FBS) (v/v). Acid treatment of FBS was done by adding 
10% 1 N HCl (v/v) for 10 min before the addition of 10% (v/v) 
1.2 N NaOH-0.5 M HEPES to reach a pH of 7.4. Heat treat-
ment of FBS was done at 95°C for 15 min. Cultures were 
maintained for different times depending on the experiments 
(10 min to 3 d). Cultures were treated as indicated in the legend 
to the figures.

Treatments, ELISA assays, immune-blot analysis, RNA iso-
lation, quantitative real-time PCR, and immunocytochemistry 
are detailed in Supplementary Methods.

Ex vivo expansion of activated NK (aNK) cell and in vitro 
cytotoxicity assays

NK cells isolated from peripheral blood of healthy donors were 
propagated and activated ex vivo using K562-mbIL21 feeder 
cells and IL-2, as previously described.23,24 T cells were 
depleted at d 7 of culture using EasySep™ Human CD3 
Positive Selection Kit (StemCell Technologies).

K562-mbIL21-expanded aNK cells were cultured in med-
ium with 100 IU/mL IL-2 and treated either with TGF-β1 or in 
the presence of triple co-cultures for 3 d. For TGF-β1 treat-
ment, aNK were plated into 24-well plates in the presence of 0– 
5 ng/mL recombinant TGF-β1. For the triple co-cultures, MN 
and MSC were plated together in the upper chamber of 
Transwell plates in the presence of NB cells plated in the 
lower chamber for 72 h. MN and MSC were then harvested 

and plated together in the upper chamber with new NB cells in 
the presence of aNK cells plated alone in the lower chamber of 
Transwell plates, with or without Galunisertib. For the aNK 
cytotoxicity assay, GFP-expressing NB cell lines were seeded 
into individual wells of a 96-well plate, and aNK cells expanded 
as described above were added to NB cells at a 2:1 effector-to- 
target ratio. The surviving tumor cells were identified by green 
fluorescence and quantified by the IncuCyte S3 live-image 
fluorescence microscopy system during 24 h of co-incubation.

Orthotopic implantation

Animal experiments were performed in accordance with 
a protocol approved by the Institutional Animal Care 
Utilization Committee at The Saban Research Institute of 
Children’s Hospital Los Angeles (Protocol #41-20 approved 
on October 25, 2020).

Eight- to 12-week-old immunodeficient NOD SCID 
Gamma (NSG) mice were divided into four groups of four to 
five mice each and orthotopically implanted with CHLA-255- 
LUC or CHLA-136-LUC cells alone or mixed with MN, MSC, 
or a combination of both cell types. Mice were anesthetized 
using 3–5% inhaled isoflurane. An incision was made to expose 
the left kidney and the adrenal fat pad or subcapsular space was 
injected with cells resuspended in 25–30 μL of Matrigel (BD 
Bioscience). Following tumor implantation, mice were mon-
itored once a week using bioluminescence imaging (Xenogen 
IVIS 100, Caliper Life Science) to measure luciferase intensity 
and tumor growth. Mice were sacrificed 3 to 4 weeks post- 
implantation, and tumors were processed for histological ana-
lysis and immunohistochemistry.

Multiplex immunohistochemistry

All studies involving tumor samples from patients were per-
formed in accordance with the ethical standards of the institu-
tional and/or national research committee and with the 1964 
Helsinki declaration and its later amendments or comparable 
ethical standards (Children’s Hospital Los Angeles IRB: CCI- 
06-00198).

Tumor samples were obtained at diagnosis and 4 μm for-
malin-fixed paraffin sections were stained using the Leica 
Biosystems BOND Rx Autostainer. Leica DAB detection kit 
was used with an AEC-HTP Red substrate (Victor Lab SK- 
4285). The primary antibodies used are listed in 
Supplementary Table 2. Sequential staining of the same slide 
was performed using a protocol from AEC-Red25 with Leica 
retrieval buffers. Slides were coated with aqueous mounting 
media, covered with a glass coverslip, and imaged using an 
Aperio scanner (Leica Biosystems). All slides were reviewed by 
pathologists’ expert in NB (B.R.P and H.S). Two automatic 
scoring programs were run using a custom pipeline in FIJI 
ImageJ software26 after images were aligned using the “Linear 
Stack Alignment with SIFT” plugin.27 The scoring method gave 
a percentage of the area positivity for one marker by calculating 
the area of a marker (in pixel) over the area of the nuclei (same 
control for all markers). The scoring method provided a single- 
cell analysis with the percentage of cells positive for one or 
several markers over the total number of cells based on nuclear 
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and cell boundaries estimated with Voronoi lines. The same 
threshold was used for the two scoring programs. Cells were 
identified as follows: PHOX2B+ for tumor cells, CD163+ for 
TAM, αSMA+ adjacent to CD31+ for pericytes, αSMA+ non-
adjacent from CD31+ for CAF, αSMA+ CD105+ for MSC, 
CD31+ for endothelial cells (EC), CD8+ and CD3+ for 
T cells, CD3- CD94+ for NK cells.

Statistical analysis

For group comparisons, Wilcoxon–Mann–Whitney test, 
Kruskal–Wallis test, or ANOVA two-way test was used for 
overall condition effects with GraphPad Prism 9.0 Software 
(GraphPad). All data are presented as mean ±SEM or ±SD of 
at least two to five independent experiments with indicated 
technical replicates. P-value <0.05 was considered statistically 
significant.

Results

TAM, CAF and MSC are the most abundant nonmalignant 
cells in the TME of NB tumors

The presence of TAM, CAF and MSC and other TME cells in 
17 untreated human NB tumors was examined and quantified 
by multiplex immunohistochemistry using a panel of eight 
antibodies to identify tumor cells, TAM, CAF, MSC, endothe-
lial cells (EC), pericytes, T cells and NK cells (Figure 1a, S1A, 
S1B). Tumors varied in their content of TME cells which 
represented more than 10% in some tumors (designated TME- 
rich, n = 8), less than 5% in others (designated TME-poor, 
n = 5) and between 6% and 9% in tumors designated TME 
intermediate (n = 4). TAM (3.4% ±0.5 SD) and CAF and MSC 
(5.6% ±1 SD) were the most abundant stromal cells in these NB 
tumors that were poorly infiltrated with CD3+ T cells (0.8% 
±0.1 SD) and NK cells (0.1% ±0.05 SD) and in which CD8+ 

Figure 1. TAM, CAF and MSC are the most abundant nonmalignant cells in the TME of NB tumors. a. The data represent the percent of positive cells, identified by multi- 
IHC according to the indicated markers, per total number of cells in 17 (left) or 13 (middle) among 17 primary untreated NB tumors as analyzed by pixel area, and as 
described in Materials and Methods. Cells were identified as follows: PHOX2B+ for NB cells, CD163+ for TAM, αSMA+ adjacent to CD31+ for pericytes, αSMA+ nonadjacent 
from CD31+ for CAF, αSMA+CD105+ for MSC, CD31+ for endothelial cells (EC), CD8+ and CD3+ for T cells, CD94+CD3− for NK cells. Right: The stacked bar graph represents 
the percent of different cell types identified by indicated markers and colors in 17 primary untreated NB tumors. b. Scatter plot and correlation analysis between 
the percent of CD163+ (TAM) and αSMA+ cells (CAF) (top); and the percent of CD3+ T cells and αSMA+ cells (CAF) (bottom) in the primary untreated NB tumors presented 
in panel A. c. Left: Representative merged digital photomicrograph of a NB tumor (NB01) stained for the indicated markers (Bar = 250 μm). Right: Higher magnification of 
three inset areas shown on the left panel.

ONCOIMMUNOLOGY e2146860-3



T cells were absent (Figure 1a). The joint presence of CD163+ 

TAM and αSMA+ CAF directly correlated (r2 = 0.51), whereas 
the presence of CAF inversely correlated with the presence of 
CD3+ T cells (r2 = 0.54) (Figure 1b). Differences were observed 
in spatial distribution between CD163+ TAM and αSMA+ 

CAF, with CAF being present predominantly in connective 
tissue surrounding tumor nodules, and TAM evenly distribu-
ted throughout the entire tumor (Figure 1c). Thus, the data 
suggest that untreated NB tumors are poorly infiltrated with 
T and NK cells and can be heavily infiltrated with TAM and 
CAF. These observations led us to further examine their inter-
action and cooperation.

MSC protect MN from spontaneous apoptosis through IL-6 
and sIL-6 Rα

We initially examined whether MSC could affect monocytes 
(MN) or TAM survival. Co-culturing MN with MSC demon-
strated a significant decrease in MN apoptosis that was 

dependent on the MN:MSC cell ratio, with complete suppres-
sion of apoptosis at a ratio of 2:1 over a 5-d period (Figure 2a). 
The anti-apoptotic effect of MSC was observed in MN prein-
cubated with four different NB cell lines to promote their 
polarization into TAM (Figure 2b) and did not vary whether 
MSC were preincubated with NB cells or whether MSC were 
obtained from healthy donors, from the bone marrow of 
patients with NB (BM-MSC) or from NB tumors (CAF-MSC) 
(Figure S2A). The protective effect of MSC on MN apoptosis 
was confirmed by flow cytometry experiments that compared 
cell–cell contact and Transwell co-cultures. These experiments 
demonstrated a significant increase in live MN and a decrease 
in late apoptosis after 3 d of co-culture with MSC under both 
culture conditions (Figure S2B).

MN and MSC in Transwell co-cultures were then examined by 
mRNA analysis for the expression of cytokines and chemokines. 
In the presence of MSC, mRNA expression in MN was increased 
by >5-fold for several cytokines including transforming growth 
factor (TGF)-β1, IL-6, IL-8 and monocyte chemoattractant 

Figure 2. MSC protect MN from spontaneous apoptosis through IL-6 and sIL-6Rα. a. Kinetics of cytotoxicity measured in a live-cell imaging platform as percent of 
apoptotic MN (either alone or co-cultured with MSC) over a 5-d time-course at various MN:MSC ratios. Apoptotic cells were measured using caspase-3/7 green detection. 
b. Kinetics of cytotoxicity measured as percent of apoptotic TAM (either alone or co-cultured with MSC) over a 5-d time-course at 4:1 TAM:MSC ratio; TAMs were first 
generated by co-culture of MN with 4 different indicated NB cells. c. RT-qPCR analysis of mRNA collected from MN (left) or MSC (right) cultured alone or in dual co- 
cultures for 10 or 72 h. Heatmap table summarizing the data shown in supplemental figure S2D. d. Mean ± SEM concentrations of cytokines and chemokines measured 
by ELISA in conditioned medium (CM) of MN and MSC cultured alone or in combination for 72 h (3–5 independent experiments done in technical duplicates). e. Effect of 
IL-6R blockade on MN apoptosis. Left: Percent of apoptotic MN (either alone or co-cultured with MSC) over a 5-d time-course in the presence of Tocilizumab (Toci, 10 µg/ 
mL), rIL6 (10 ng/mL), or their combination. Right: Data represent the mean percentage of apoptotic MN (either alone or co-cultured with MSC at a cell ratio of 4:1 for MN: 
MSC) at 3-d timepoint in the presence of Toci or Toci and rIL6 as indicated. f. Heatmap of average expression of proteins (n = 20 markers represented in the rows) as 
assessed by CyTOF-based cytometry of indicated cells alone and in co-culture. The culture conditions shown at the top included MN polarized to macrophages (M1, M2a 
and M2c) in vitro and MN polarized by co-culturing with MSC and NB cells (CHLA-255, SK-N-AS, SK-N-BE(2) and CHLA-136). The p-values were determined by a Wilcoxon- 
Mann-Whitney test. ****p < .0001, ***p < .001, **p < .01, *p < .05, ns: not significant. For all plots except 2D, data represent two independent experiments done in three 
technical replicates and are expressed as the mean ±SD percent of apoptotic MN over the indicated time, based on the caspase 3/7 assay analyzed by IncuCyte, as 
described in Materials and Methods.
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protein (MCP)-1. A similar mRNA analysis of MSC in Transwell 
co-cultures with MN indicated a > 5-fold increase in IL-6 
(Figure 2c, S2C). Consistent with the mRNA data, a protein 
analysis by ELISA revealed a significant increase in the presence 
of TGF-β1, IL-6, IL-8 and MCP-1 in the culture medium of MN 
+MSC co-cultures (Figure 2d). In contrast, tumor necrosis factor 
(TNF)-α, IL-4, and IL-12 were not detected in the medium of co- 
cultures and low levels of IL-10 were only detected in MN+MSC 
co-cultures (Figure S2D). The majority of TGF-β1 was found to be 
free of its latency-associated pro-peptide (LAP) as experiments 
were performed in the presence of acid-treated FBS, a process that 
depleted α2-macroglobulin, an inhibitor of LAP degrading 
plasmin28 (Figure S2E). The agonist-soluble IL-6 receptor α 
(sIL-6 Rα) was also found to be produced by MSC and its presence 
increased in co-cultures with MN. The significant increased 
expression of IL-6 and sIL-6 Rα by MSC in the presence of MN 
led us to test their role in the pro-survival effect of MSC on MN.

Blocking IL-6 R with a monoclonal antibody (Tocilizumab) 
resulted in a 70% loss in the protective effect of MSC on MN 
apoptosis that was not corrected by the addition of rIL6, 
pointing toward a key role of the IL-6 R (Figure 2e). The 
addition of rIL6 or rIL6 and sIL-6 Rα to MN resulted in 
a significant decrease in apoptosis over a 3-d culture period 
(Figure S2F). In contrast, the addition of Galunisertib, a small- 
molecule inhibitor of TGF-βR1/ALK5 had no effect on MSC’s 
anti-apoptotic activity on MN (Figure S2G). The data indicate 
that the interaction between MN and MSC stimulates their 
production of pro-tumorigenic cytokines/chemokines and 
point to an IL-6/IL-6R mediated mechanism by which MSC 
protect MN from apoptosis.

NB but not MSC promote the polarization of MN into TAM 
and activate MSC into CAF

A CyTOF-based proteomic analysis of MN in co-culture 
with MSC and NB cells or with NB cells alone (either 
CHLA-255, CHLA-136, or SK-N-AS) revealed polarization 
of monocytes toward a mix M2a, M2c phenotype with 
increase CD14, CD163, and CD206 markers and low HLA- 
DR. However, co-cultures of MN with MSC alone led to 
macrophages that lacked CD14, CD163 or CD206 suggesting 
an M0 phenotype (figure 2f, S2H). Thus, macrophage polar-
ization toward an M2-like phenotype was primarily driven 
by tumor cells and not significantly affected by MSC after 
3 d. We also examined the effect of NB and NB+MN on the 
expression of fibroblast-specific protein (FSP)-1 and fibro-
blast activation protein (FAP), 2 markers of activation of 
CAF, and demonstrate an increase in both markers in MSC 
co-cultured for 72 h with NB or NB and MN (Figure S2I, 
S2J). The data thus provide evidence that when in co-culture 
with NB cells, MN and MSC are activated into TAM and 
CAF, respectively.

CAF and TAM induce the production of several cytokines/ 
chemokines in NB cells

Having shown that in the presence of NB cells, MSC and MN 
developed characteristics of CAF and TAM, respectively, we 
then examined whether the production of cytokines/ 

chemokines was affected by the presence of NB cells in triple 
co-cultures of MN, MSC and NB cells. The analysis of media of 
NB cells cultured alone revealed that with the exception of 
TGF-β1 (detected at an average low level of 86.6 ± 11.9 SEM 
pg/mL), no other cytokine/chemokine was constitutively 
expressed by NB cells derived from four cell lines examined 
(Figure 3a). This observation was confirmed by an in-silico 
gene expression analysis of cytokines/chemokines of 46 NB cell 
lines from the Cancer Cell Line Encyclopedia (CCLE) (Figure 
S3A). In contrast, the addition of MN, MSC or their combina-
tion to NB cells resulted in a significant increase in cytokine/ 
chemokine production over baseline in dual (NB+MN or NB 
+MSC) or triple (NB+MN+MSC) culture conditions with 
a >4-fold increase in the production of TGF-β1 (896.2 ± 61.3 
vs 86.6 ± 11.9 SEM pg/mL, MSC+MN+NB vs NB), MCP-1 
(8092.1 ± 319.4 vs 1675.1 ± 113 SEM pg/mL, MSC+MN+NB vs 
MN) and IL-6 (9593 ± 411.7 vs 1590.3 ± 156.6 SEM pg/mL, 
MSC+MN+NB vs MSC), and a >2-fold increase in the produc-
tion of IL-8 (2880.4 ± 167.5 vs 1490.3 ± 103.5 SEM pg/mL, 
MSC+MN+NB vs MN), and an induction of IL-10 
(136.5 ± 15.4 vs 0 SEM pg/mL, MSC+MN+NB vs NB) and 
IL-4 (57.8 ± 6.8 vs 0 SEM pg/mL, MSC+MN+NB vs NB) 
(Figure 3a, 3b). The highest levels of proteins detected were 
generally achieved in the media of triple MN+MSC+NB co- 
cultures. In contrast, the pro-inflammatory type 1 cytokine IL- 
12 was not detected in all co-culture conditions, and only low 
levels of TNF-α (47.4 ± 6.3 SEM pg/mL) were detected in NB 
+MN co-cultures. Similar levels of increase in the production 
of TGF-β1, IL-6 and IL-8 in co-cultures were observed when 
BM-MSC or CAF-MSC were used in co-cultures with MN and 
NB cells (Figure S3B). An analysis of the mRNA from NB cells 
revealed a >2-fold increase in mRNA for TGF-β1, TNF-α, IL-4, 
IL-6, IL-8, and MCP-1 with a stronger effect seen in MYCN-A 
cells (Figure 3c, 3d, S3C), demonstrating that MN and MSC 
increased the expression of TGF-β1 in NB cells and induced 
the expression of several other pro-tumorigenic cytokines/che-
mokines including MCP-1, IL-6 and IL-8 not constitutively 
produced. Thus, our data indicate that MSC, MN and NB 
influence each other to increase or to induce the production 
of significant number of pro-tumorigenic cytokines with TGF- 
β1, MCP-1, IL-6 and IL-8 being among the highest produced 
cytokines.

TGF-β1 stimulates the production of IL-6 in NB and MSC

The mechanism by which MSC and MN induced the 
expression of these cytokines was further explored. 
A time course analysis of the production of TGF-β1, IL- 
6, IL-8 and MCP-1 in cultures of NB cells alone or in the 
presence of MN+MSC (Figure 4a) revealed the presence of 
TGF-β1 as early as 4 h after initiation of the co-culture 
with a concentration reaching 1,785 ± 29 SEM pg/mL at 
72 h. In contrast, IL-6, IL-8 and MCP-1 were detected 
later at 8 h and reached concentrations of 8,641 ± 491, 
3,621 ± 158 and 7,258 ± 142 SEM pg/mL at 72 h, respec-
tively. The data suggested that their production may be 
the result of TGF-β1 activity, a possibility that was inves-
tigated in the presence of the TGF-βR1 inhibitor 
Galunisertib. The addition of Galunisertib to co-cultures 
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resulted in a statistically significant suppression of IL-6, 
IL-8 and MCP-1 (55.2%, 10.9% and 30.6% decrease in NB 
+MN+MSC cultures) (Figure 4b). Galunisertib also inhib-
ited the production of TGF-β1 in dual and triple co- 
cultures with MSC, suggesting the presence of an auto-
crine loop whereby TGF-β1 stimulated its own produc-
tion. A similar observation for IL-6 was made with two 
other TGF-β1R1/ALK5 small-molecule inhibitors 
(LY2109761 and SB525334) (Figure S4A). Thus, the data 
indicate that the production of IL-6 and MCP-1 in co- 
cultures could be in part TGF-β1-dependent. We next 
evaluated the contribution of TGF-β1 on the production 
of these cytokines by NB cells and MSC. To first demon-
strate that these cells responded to TGF-β1, we examined 
the phosphorylation of SMAD2 (p-SMAD2), 
a downstream signaling response of these cells, in co- 
culture experiments. We observed an increase in 
p-SMAD2 in NB cells in the presence of MN+MSC that 
was suppressed by Galunisertib (Figure 4c). We also docu-
mented an increase in nuclear translocation of p-SMAD2 
in NB cells and MSC in the presence of conditioned 
medium (CM) from triple co-cultures or rTGF-β1 that 
was suppressed by Galunisertib (Figure 4d). We then 
examined the effect of rTGF-β1 on IL-6, IL-8 and MCP- 

1 production by NB cells (Figure 4e, 4f, S4B). In MYCN- 
NA and MYCN-A NB cells, IL-6 and MCP-1, but not IL-8, 
production upon rTGF-β1 treatment was dose-dependent, 
with levels of 159 ± 36 and 429 ± 22 (MYCN-NA) and 
642 ± 61 and 459 ± 27 (MYCN-A) SEM pg/mL for IL-6 
and MCP-1, respectively, achieved upon treatment with 
rTGF-β1 at 1,500 pg/mL, a concentration only observed 
in triple co-cultures. This effect was entirely suppressed in 
the presence of Galunisertib. In MSC and CAF-MSC, 
rTGFβ-1 increased the production of IL-6, but not IL-8 
and MCP-1, in a dose-dependent manner above basal 
expression (1,818 and 1,899 pg/mL) with a 4.2-fold and 
3.6-fold increase (7406 ± 604 and 6894 ± 162 SEM pg/mL) 
at 1500 pg/mL of rTGF-β1 for MSC and CAF-MSC, 
respectively. The stimulation of IL-6 expression by 
TGFβ-1 in MSC was partially reversed in the presence of 
Galunisertib (Figure S4C).

CAF and TAM inhibit the cytotoxicity of NK cells against NB 
cells by a TGF-β1-dependent mechanism

Considering the known immune suppressive function of 
TGF-β,29 we tested whether MN and MSC could inhibit 
the cytotoxic activity of NK cells against NB cells 

Figure 3. CAF and TAM induce the production of cytokines/chemokines in NB cells. a. Bar graph of mean ±SEM concentrations of the indicated cytokines/chemokines in 
the CM of NB cells (CHLA-255, SK-N-AS, SK-N-BE(2), CHLA-136) co-cultured for 72 h with MN, MSC, or both. Data were obtained from three independent experiments 
performed in technical duplicates for each NB cell line. The CM from MN pre-treated 7-d with GM-CSF (M1 polarization) was used as control for TNF-α, IL-4 and IL-12. The 
p-values were determined by two-way ANOVA (TGF-β1) or by Kruskal–Wallis test (other cytokines). ****p < .0001, ***p < .001, **p < .01, *p < .05, ns: not significant. b. 
Heatmap of the cytokines/chemokines data shown in panel A colored by categories representing fold ratio of cytokines/chemokines over baseline (cells alone). c. Dot 
plot of RT-qPCR analysis of mRNA collected from MYCN-NA NB cells (CHLA-255, SK-N-AS) and MYCN-A NB cells (SK-N-BE(2), CHLA-136) cultured alone, in dual or in triple 
co-cultures for 10 h or 72 h alone or in the presence of MN, MSC or their combination. The data represent the mean ±SD fold increase in mRNA for the indicated 
cytokines/chemokines in co-culture with MN or/and MSC over NB alone from three independent experiments performed in technical duplicates for CHLA-255 and CHLA- 
136 at 10 h. d. Heatmap of the data shown in panels C and Figure S3C colored according to the fold increase over baseline (NB cells alone).
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(Figure 5a). These experiments revealed that activated NK 
cells (aNK) exposed to media of NB+MN+MSC (via 
Transwell) led to significantly lower cytotoxicity against 
NB cells compared to control aNK cells (54.7% vs 28.5% 
live CHLA-255 at 8 h, and 68.9% vs 35.2% live CHLA-136 
at 8 h) (Figure 5b). The addition of Galunisertib restored 
the cytotoxic activity of aNK cells pointing to a TGF- 
β1-dependent mechanism. We had previously shown that 
the cytotoxic activity of aNK cells against NB is reduced in 
the presence of 10 ng/mL TGF-β1,30 a concentration not 
achieved in triple co-cultures. We thus tested whether the 
direct cytotoxicity of aNK cells against NB cells could be 
suppressed in the presence of lower (0.1 to 5 ng/mL) TGF- 

β1 concentrations (Figure 5c) found in the MSC+MN+NB 
conditions. We observed a dose-dependent effect that 
reached a plateau for inhibiting cytotoxic effect at 
a concentration of >1.5 ng/mL. Thus, CAF and TAM col-
laborate to suppress the cytotoxicity of aNK cells via phy-
siologic levels of TGF-β1.

TAM and CAF activate a TGF-β1-IL-6 signaling pathway in 
NB tumors

In vivo evidence for the collaboration between MSC, MN and 
NB cells in the production of TGF-β1 and IL-6 in the TME was 
obtained in immunodeficient mice that were orthotopically 

Figure 4. TGF-β1 stimulates the production of IL-6 in NB and MSC. a. Bar graph with a kinetics analysis of TGF-β1, IL-6, IL-8 and MCP-1 production in cultures of NB cells 
alone and in triple co-cultures. The data represent the mean ±SEM concentrations over time (h) for the indicated cytokines from three independent experiments done in 
technical duplicates. b. Bar graph of indicated cytokines in the culture medium of NB cells, MN, and MSC cultured alone or in dual and triple co-cultures at 72 h as 
indicated at the bottom of the panel in the presence or absence of Galunisertib (Galu, 5 µM). The data represent the mean ±SEM concentrations of the indicated 
cytokines from three independent experiments done in technical duplicates for each of the three NB cell lines (CHLA-255, CHLA-136, SK-N-BE(2)). c. Western blot 
analysis of lysates of NB cells cultured alone or in triple co-culture, in the presence or absence of Galu. Top: Representative image of one among four blots. Bottom: 
Quantitative analysis of the Western blot by scanning imaging as described in Materials and Methods. The data represent the mean ±SD of the phosphorylated protein: 
total protein ratio from four separate blots. d. NB cells and MSC were cultured alone in regular medium, in CM (75%) from triple co-cultures or in the presence of 
1,500 pg/mL of rTGF-β1 and examined by immunofluorescence for p-SMAD2 as indicated in Materials and Methods. Galu was added for 24 h prior to analysis when 
indicated. Top: Representative photomicrographs. Bottom: The data represent the mean ±SD number of positive nuclei from four microscopic fields in two independent 
experiments. e. NB cells were treated for 24 h and 72 h with rTGF-β1 at the indicated concentrations in the presence or absence of Galu and IL-6 concentrations were 
measured in the culture medium. f. NB cells were treated for 72 h with rTGF-β1 at the indicated concentrations in the presence or absence of Galu and MCP-1 
concentrations were measured in the culture medium. The data represent the mean ±SEM concentrations from three independent experiments done in technical 
duplicates for each NB cell line (e/f). The p-values were determined by two-way ANOVA (a, b, e, f) or by Wilcoxon–Mann–Whitney test (c, d). ****p < .0001, ***p < .001, 
**p < .01, *p < .05, ns: not significant.
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implanted with NB cells in the presence of MN, MSC or their 
combination (Figure 6a, 6b, S5). The most significant increase 
in tumor growth was observed in mice implanted with CHLA- 
255 or CHLA-136 cells in the presence of MN and MSC, 
consistent with our in vitro data demonstrating their pro- 
tumorigenic effect (Figure 6a). The analysis of these tumors 
by immunohistochemistry also demonstrated significant 
increase in both nuclear p-SMAD2 and p-STAT3, indicating 
active TGF-β1 and IL-6 presence, in mice implanted with NB 
cells (CHLA-255 or CHLA-136) and combination of MN and 
MSC compared to NB cells alone. Although we could not 
detect the presence of human CD163+ TAM in tumors co- 
injected with MN or MN+MSC, we did detect human αSMA+ 

CAF in tumors co-injected with MSC or MN+MSC, an obser-
vation that is consistent with these cells being an important 
source of TGF-β1 and IL-6 activating SMAD2 and STAT3 in 
NB cells, respectively (Figure 6b).

The analysis of the expression of p-SMAD2 and p-STAT3 in 
human tumors by immunohistochemistry also provided indirect 
evidence for activity of the TGF-β1/IL-6 pathway by CAF. There 
was positive correlation between the percentage of cells positive 
for nuclear p-SMAD2 (r2 = 0.62) and p-STAT3 (r2 = 0.64) and 
the presence of αSMA+ CAF (Figure 6c).

Discussion

The data presented here provide a novel insight into the con-
tribution of TAM and CAF to the TME in NB. We provide 
evidence that TAM, CAF and MSC are the main TME cells in 
primary untreated NB tumors and are often present together. 
Their presence is correlated inversely with the limited infiltra-
tion of T and NK cells seen in these tumors. In vitro, that the 
interaction between TAM, CAF and NB cells results in 

Figure 5. CAF and TAM inhibit the cytotoxicity of NK cells against NB cells by a TGF-β1-dependent mechanism. a. Schema representing the design of the experiment as 
described in Materials and Methods. b. Top: Direct cytotoxicity against NB cells (CHLA-255-GFP, CHLA-136-GFP) in the presence of naive aNK cells or aNK cells pre- 
incubated in the presence of conditioned MSC and MN and NB cells (triple trained aNK). The analysis was performed by IncuCyte as indicated in Materials and Methods. 
The data represent the percent of live cells over 24 h and are representative of one from three independent experiments. Bottom: Bar graphs representing the mean 
±SD percent of live cells after 8 h of culture from three independent experiments done in technical duplicates. c. Top: aNK cells were treated for 72 h with the indicated 
concentrations of rTGF-β1 (0.1–5 ng/mL), and their cytotoxic activity against NB cells (CHLA-255-GFP, CHLA-136-GFP) was determined by IncuCyte as in panel B. The 
data represent the percent of live cells over 24 h and are representative of one from three independent experiments. Bottom: Bar graphs representing the mean 
±SD percent of live cells after 8 h of culture from three independent experiments done in technical duplicates. The p-values were determined by Wilcoxon–Mann– 
Whitney test. ****p < .0001, ***p < .001, **p < .01 ns: not significant.
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significant cytokine/chemokine alteration with significant acti-
vation of a TGF-β1/IL-6 pathway in MSC and NB cells that via 
IL-6 and sIL-6Rα protect MN from apoptosis. The significant 
TGF-β1 levels produced in the combination of NB, MN, and 
MSC also inhibit the cytotoxic activity of aNK cells against NB 
cells (Figure 7). Last, we provide in vivo evidence of coopera-
tion between TAM and CAF leading to enhanced tumor 
growth in vivo and evidence of activation of p-SMAD2 and 
p-STAT3 in NB cells in association with the presence of 
αSMA+ CAF in murine and human tumor samples.

In most of our experiments, we used human MSC and 
human MN from healthy donors rather than cells obtained 
from tumor samples. In the case of MSC, we performed con-
firmatory experiments with CAF-MSC obtained from NB 
tumors and maintained in cultures as previously described19 

and demonstrated that CAF-MSC like MSC are a source of 
cytokines and chemokines. We also provide evidence that in 
the presence of NB cells – conditions used in our studies – 
these cells become activated CAF with an increased expression 
of αFAP and FSP-1. In the case of MN, because of the rarity of 
fresh NB tumors, the harvesting of TAM would have not been 
practical. We therefore use MN freshly collected from healthy 
donors as in previous publication20 and demonstrate that in 
the presence of NB cells, MN become polarized into TAM.

The TME landscape analysis performed on NB tumors 
indicates that untreated NB tumors are immunologically cold 
and poorly infiltrated by immune cells such as T cells and NK 
cells but can be infiltrated with TAM, CAF and MSC, an 
observation made by other laboratories and reviewed recently 
by us.21,31 We then provide data demonstrating that the 

Figure 6. TAM and CAF activate a TGF-β1-IL-6 signaling pathway in NB tumors. a/b. NOD scid-gamma (NSG) mice were orthotopically implanted with CHLA-136-LUC NB 
cells and human MN, MSC or their combination as indicated in Materials and Methods. Tumor growth was monitored by bioluminescence and tumors were harvested 
after 3–4 weeks and examined by immunohistochemistry (IHC). a. Top: Bioluminescence images of a representative mouse bearing a CHLA-136-LUC tumor in conditions 
indicated at the top. The scale bar displays relative light units of radiance intensity. Bottom: The data represent the mean ±SD luminescence intensity over time from six 
mice per group in one experiment. b. Left: Representative photomicrographs of tumor sections for indicated phospho-proteins analyzed by IHC after 3–4 weeks 
(Bar = 100 μm). Right: The data represent the mean ±SD percent of nuclei positive for the indicated phospho-protein in NB cells after stromal cells were excluded 
counted in four microscopic fields from two to three sections obtained from two tumors in each group. The p-values were determined by Wilcoxon–Mann–Whitney test. 
****p < .0001, ***p < .001, **p < .01, *p < .05, ns: not significant. c. Representative digital microphotographs of NB tumor sections stained for p-SMAD2 and p-STAT3 
(Bar = 100 μm) and graphs representing the correlation between the percent of αSMA+ CAF and the percent of cells positive for the indicated phospho-proteins. The 
data were obtained from the mIHC analysis of the 13 NB tumors shown in Figure 1.
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presence of CAF is associated with evidence of increased TGF- 
β1 activity in tumors suggesting that the presence of these cells 
could provide a mechanism of immune escape. Whether 
refractory and recurrent tumors have a similar TME landscape 
remains to be determined. Although our data point to TAM 
and CAF as a main source of TME-derived TGF-β1, other cells 
like myeloid-derived suppressor cells (MDSC) – not examined 
here – could play an additional role. For example, in the TME 
of NB, monocytic MDSC stimulated by an ATP-rich environ-
ment produce TGF-β1.32

Data analyzing TAM and CAF individually in NB tumors 
suggest a pro-tumorigenic role as their presence is associated 
with more severe clinical outcome and is inversely correlated 
with favorable clinical features.18,33,34 Our data demonstrate 
that together they maintain a pro-tumorigenic function by 
stimulating the production and secretion of multiple cyto-
kines/chemokines with a pro-tumorigenic function such as 
TGF-β1, IL-6, IL-8, MCP-1 and IL-1035–38 in the absence of 
cytokines with an anti-tumorigenic function such as TNF-α 
and IL-12.39,40 The collaboration between TAM and CAF as 
they interact with NB cells is highlighted by the observation 
that the highest levels of these pro-tumorigenic cytokines/che-
mokines and their biological activity were achieved only in the 
combination of all three cell types.

Our data also identify a TGF-β-dependent mechanism of 
induction of IL-6 and MCP-1 expression in NB and of stimula-
tion of IL-6 expression in MSC. A TGF-β-dependent expression 
of IL-6 has been reported in lung alveolar macrophages upon 
viral infection,41 in fibrotic lung fibroblasts,42 in mast cells,43 in 
retinal pigmented cells44 and in non-small lung cancer with 
drug-resistant mutations.45 TGF-β has also been reported to 
induce the production of MCP-1 by normal cells.46,47 

However, to our knowledge, this is the first report of a TGF- 
β1-dependent expression of IL-6 in MSC and IL-6 and MCP-1 
in tumor cells. Sphingosine 1 phosphate-dependent expression 
of MCP-1 has been implicated in the recruitment of TAM in NB 

tumors.48 TGF-β1 is a key regulator of MSC differentiation, 
promoting chondrogenesis and osteogenesis49 and MSC and 
CAF are a source of IL-6,50–52 but their interdependence has 
not been demonstrated. IL-6 is known to promote MN differ-
entiation into macrophages53 and here we provide data that it 
extends their survival, as MN typically do not survive more than 
a few days in non-cytokine-supported environment.54 The inter-
action between MN, MSC and NB cells creates a feed-forward 
loop where the stimulation of TGF-β1 by the interaction of these 
cells stimulates the production of IL-6 and sIL-6Rα, protecting 
MN from spontaneous death and further promoting TGF-β 
production. By showing that the anti-apoptotic effect of MSC 
on MN is suppressed by blocking IL-6R (Tocilizumab) but not 
TGFβR1 (Galunisertib) we provide evidence that the constitu-
tive expression of IL-6 by MSC is however sufficient to protect 
MN from apoptosis. IL-8 is present in NB tumors and its 
receptor is present in the microvasculature, indicating 
a contribution to angiogenesis. Its expression in NB cells is 
induced by IL-1β and TNF-α55 but not by TGFβ-1 as shown 
by our studies. Like IL-6, serum levels of IL-8 are elevated in 
patients with high-risk NB tumors.56 The role of MCP-1 in the 
TME of cancer including NB is however more complex includ-
ing pro and anti-tumor activities. Tumor-derived MCP-1 elicits 
T cell chemotaxis,57 and NB-derived MCP-1 is downregulated 
by MYCN and promotes the migration of iNKT cells thus 
contributing to tumor infiltration with immune cells.58,59 

MCP-1 produced by tumor cells is also a chemoattractant for 
MN leading toward the accumulation of TAM.60,61

In contrast to other published reports,62,63 we did not find an 
effect of MSC on macrophage polarization, an effect that was 
primarily driven by tumor cells. The reason may be related to 
differences in the source of monocytes as one study62 utilized 
THP-1, an acute monocytic leukemia cell line, as model for 
macrophages, while another study did not compare their polar-
ized monocytes to controlled monocytes polarized to M1, M2a, or 
M2c using established cytokine stimulations as we have done in 
this study.

Importantly, our study demonstrates the immune- 
suppressive activity of TGF-β1 levels produced by the interac-
tion between TAM, CAF, and NB cells on NK cells’ cytotoxicity 
activity against NB cells furthering our understanding of ther-
apeutic resistance driven by the NB TME in high-risk NB. 
Although NB tumors are poorly infiltrated with T cells and 
NK cells, cellular immunotherapies with aNK, NKT and CAR- 
T cells have recently emerged as viable therapeutic 
approaches,15 some already tested in Phase I clinical trials,64,65 

others being the subject of pre-clinical studies.66–68 The success 
of these approaches depends on the ability of these cells to 
penetrate tumors which remains challenging considering that 
untreated NB tumors are poorly infiltrated with these cells. 
However, should these cells infiltrate tumors, the presence of 
CAF and TAM may provide a mechanism of immune resistance 
and their joint presence in tumors should be examined as 
a possible prognostic biomarker for immunotherapies. MSC, 
CAF and TAM assessment by αSMA and CD163 combined 
with markers of their activity (e.g., p-SMAD2) could be valuable 
signatures to identify NB tumors prone to resistance to immu-
notherapy. Their presence may also suggest new therapeutic 

Figure 7. Diagram summarizing the cooperation between CAF and MSC and TAM 
and NB cells in the TME and their effect on NK cells. TAM and CAF/MSC cooperate 
with NB cells in the production of TGF-β1 which results in 1. an increase in IL-6 
and MCP-1 production (black arrow hatch), 2. an increased survival of TAM via IL-6 
and sIL-6R (blue arrow), and 3. an escape from an attack by immune cells like NK 
cells (green arrow).
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combinations with cellular immunotherapy targeting the effect 
of these TME cells such as the addition of TGF-β inhibitors.
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