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Graphical Abstract

1. FABP4 in macrophages expression is correlated with advanced clinical stages
and unfavorable histology of neuroblastoma.

2. FABP4 in macrophages increases migration, invasion, and tumor growth of
neuroblastoma cells.

3. FABP4 inmacrophages may promote proliferation andmigration phenotypes
in neuroblastoma cells through deactivating NF-κB-IL1α pathway by ubiqui-
tinating ATPB.
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Abstract
Neuroblastoma (NB) is the most common and deadliest pediatric solid tumor.
Targeting and reactivating tumor-associated macrophages (TAMs) is necessary
for reversing immune suppressive state and stimulating immune defense to exert
tumoricidal function. However, studies on the function and regulation of TAMs
in NB progression are still limited. Fatty acid binding protein 4 (FABP4) in
TAMs was correlated with advanced clinical stages and unfavorable histology
of NB. FABP4-mediated macrophages increased migration, invasion, and tumor
growth of NB cells. Mechanically, FABP4 could directly bind to ATPB to accel-
erate ATPB ubiquitination in macrophages. The consequently decreased ATP
levels could deactivate NF-κB/RelA-IL1α pathway, which subsequently results
in macrophages reprogrammed to an anti-inflammatory phenotype. We also
demonstrated that FABP4-enhanced migration and invasion were significantly
suppressed by IL1α blocking antibody. Furthermore, circulating FABP4 was also
associated with the clinical stages of NB. Our findings suggest that FABP4-
mediated macrophages may promote proliferation and migration phenotypes in
NB cells through deactivatingNF-κB-IL1α pathway by ubiquitinatingATPB. This
study reveals the pathologic and biologic role of FABP4-mediated macrophages
in NB development and exhibits a novel application of targeting FABP4 in
macrophages for NB treatment.
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1 INTRODUCTION

Neuroblastoma (NB) is the most common and deadliest
pediatric solid tumor.1 About 50% of NB patients have
metastatic sites (clinical stage 4) such as bone marrow,
bone, and liver at diagnosis.2 Although the overall prog-
nosis of NB patients has remarkably improved with the
advancement in therapeutic strategies such as surgical
resection, chemotherapy, and radiotherapy for decades,
the event-free survival rates of high-risk NB remain less
than 50%.3 Moreover, distant tumor metastasis, location
of tumor near organs, and extensive mesenteric involve-
ment,which are resulted from incomplete therapy, also has
a dismal prognosis and lacks effective therapies. However,
the tumor-killing effects of dinutuximab emblematized the
success of NB immune therapy and uncovered the role of
the immune suppressive tumor microenvironment (TME)
as a major obstacle to improve the long-term survival of
children with NB.4
Nontumor stromal cells play critical roles in var-

ious aspects of tumor progression. Tumor-associated
macrophages (TAMs) are the major stromal component
and the most abundant myeloid cells infiltrating to TME,5
which exhibit heterogeneous functions for its plasticity.6
High density of TAMs is associated with both poor prog-
nosis and decreased survival in multiple cancer types.7–9
Studies have corroborated that TAMs commonly func-
tion as pro-inflammatory or anti-inflammatory under TME
stimulus where a pro- or anti-tumorigenic environment is
created. TAMs are more prevalent in tumors of children
with metastatic rather than locoregional NB.10 Besides,
NB cells also educate TAMs toward immunosuppressive
M2-like phenotype that support their progression and
metastatic activity, which in turn worsen the outcome of
high-risk NB tumors.11 Blocking macrophage stimulatory
factor (CSF-1) in xenotransplant NB models extends sur-
vival in tumor-bearing mice.12 Therefore, targeting TAMs
and skewing its function to anti-tumor effect may become
a promising strategy for NB immunotherapy in the future.
The lipid metabolism of tumor cells has been reported

as a promising therapeutic target.13 In our study, we found
that in NB tissues the expressing level of several lipid
metabolism-related genes was higher in the advanced
stage than that in the early stage, indicating critical roles
of lipid metabolism in NB development. Furthermore,
according to our data, fatty acid binding protein 4 (FABP4)
expression was more abundant in macrophages compared
to other cell types of NB TME. As key mediators involved
in metabolism and inflammatory pathways,14 FABPs can
influence tumor biology through regulating PPAR activity
and/or FA uptake and oxidation.15 FABP4 is an intracel-
lular lipid chaperone functions to facilitating lipid distri-
bution and response. In addition, FABP4 is also involved

in the progression of various cancers. The upregulation
of FABP4 is closely associated with enhanced prolifer-
ation, migration, and epithelial-mesenchymal transition
(EMT) capacity of cancer cells such as breast, prostate, and
ovarian cancer.16–18 FABP4 also promotes tumor progres-
sion by indirectly altering angiogenesis, matrix metallo-
proteinases (MMP) activity, and cytokine production.19 In
prostate and ovarian cancers, FABP4 acts as a key media-
tor between adipocytes and cancer progression.20 FABP4
in macrophages is also associated with endoplasmic retic-
ulum (ER) stress and vascular development.21–23 However,
the roles of FABP4 in NB and its effects on NB tumor cells
are still unclear.
In this study, we first showed that FABP4 expression

was upregulated in NB tissues yet scarcely detected in NB
cells. Subsequent data revealed that FABP4 was highly
expressed in TAMs and predicted poor survival of patients
with NB. We, therefore, hypothesized that only FABP4
that was derived from TAMs instead of NB cells could
be a prognostic factor contributing to the pathogenesis of
NB. Thus, we aimed to examine the expression profile of
FABP4 in TAMs and to further identify the regulatory roles
of FABP4-mediated macrophages during NB progression.
This study is the first to report the pathologic and biologic
roles of FABP4-mediated macrophages in NB and suggests
that FABP4 in TAMs may be a potential therapeutic target
for NB treatment.

2 RESULTS

2.1 Highly expressed FABP4 in TAMs
predicts poor survival of NB patients

To explore the roles of lipid metabolism-related genes in
NB, we first analyzed publicly accessible raw databases
from an online microarray dataset (GEO accession num-
ber: GSE3446).24 Note that 117 NB patients without MYCN
gene amplification in this dataset were divided into low-
risk group (patient without disease relapse) and high-risk
group (patient with disease relapse, including metastases)
in the minimum of 5 years from diagnosis. We noticed that
four genes, CRABP1, PMP2, FABP4, and RARRES2, related
to the cellular lipid metabolic process, were significantly
upregulated in the high-risk group (Figure 1A and Figure
S1A). To confirm whether the four genes identified from
tumors without MYCN amplification could also be used
as independent factors to predict the outcome of NB
children in a clinicopathological way, we then examined
the expression of these four genes in 10 NB tissues. The
expressions of the four genes were significantly higher
in advanced-stage (stages III and IV) NB tissues than
that in early-stage (stages I and II) NB tissues (Figure 1B).



MIAO et al. 3 of 23



4 of 23 MIAO et al.

Notably, FABP4was themost strongly upregulated gene in
the advanced stage compared with other genes. Moreover,
several genes closely related to lipid metabolism were also
upregulated in advanced-stage NB tissues (Figure S1B),
highlighting the importance of lipid metabolism in NB
progression.
We wondered whether the four genes that broadly

exist in adipocytes25 were also functionally expressed in
other cell types that existed in the NB environment. Using
RT-PCR, we screened the expression of the above-altered
lipid metabolism-related genes in NB cell lines (SK-N-BE
and SK-N-SH) as well as NB environment cell lines
(HUVEC, monocytes, macrophages, and T cells) and
found that FABP4 was enriched in blood-cell lineages
but scarcely expressed in NB cell lines. Of note, FABP4
more highly existed in macrophages than that in CD3+
T cells or monocytes (Figure 1C and Figure S1C). The
high FABP4 expression level in macrophages was further
verified by immunoblotting results (Figure 1D). It is
reported that the number of TAMs was closely associated
with clinicopathological features of NB.26 To confirm
the presence of TAMs in NB, we also stained the NB
tissues for the macrophage marker CD68. Immunohis-
tochemistry (IHC) and immunofluorescence staining
verified that CD68 (macrophage marker) and FABP4
expressions increased gradually from stages I to IV in
the NB tissues (Figure 1E–G). Moreover, immunoflu-
orescence staining of NB tissues detected that most of
the FABP4 positive staining was localized in CD68+
macrophages, and the co-expression level of FABP4 and
CD68 increased gradually (Figure 1G), indicating that the
number of infiltrated macrophages might have a positive
correlation with FABP4 in NB. The percentages of CD4+
T cells in advanced stage NB tissues were significantly
higher than that in early-stage NB tissues. In contrast,
the percentages of CD8+ T cells, as well as Granzyme B
expression, were relatively decreased in advanced-stage
NB tissues (Figure S1D). Taken together, FABP4was highly
expressed in TAMs and predicted poor survival of patients
with NB.

2.2 FABP4-mediated macrophages
promote NB cells proliferation and
migration

We next determined the effects of macrophages with
FABP4 alteration on the progression of NB cells. Human
THP1-derived macrophages (THP1-DMs) with either
knocking-down or overexpressing FABP4 were estab-
lished separately. As expected, the expression of FABP4
in THP1-DMs was reduced or increased correspondingly
(Figure S2A). The conditioned mediums (CMs) from vari-
ous groups of THP1-DMs were generated and then added
to the medium of NB cells. CCK8 and clone formation
assays revealed that the proliferation of both SK-N-BE and
SK-N-SH cells were significantly inhibited and promoted,
respectively, when cultured with CMs from knocking-
down and overexpression FABP4 macrophages (Figure 2A
and B). Considering no observation of significant cell
death among these groups, we analyzed the cell cycle
progression of NB cells and found that CMs from knocking
down FABP4 significantly blocked the G2/M cell cycle
transition of SK-N-BE and SK-N-SH cells (Figure 2C).
Meanwhile, migration and wound healing assays revealed
that CMs from knocking-down FABP4 obviously inhibited
the migration of SK-N-BE and SK-N-SH cells, while the
FABP4-overexpressed group showed the opposite effect
(Figure 2D and E). We then detected key proteins that
are related to cell proliferation (PCNA), G2/M cell cycle
arrest (p21, Cyclin B1), and migration (FAK). As expected,
CMs of FABP4 knocking-down inhibited the expressions
of PCNA, p21, and phospho-FAK and increased Cyclin
B1 expression in both SK-N-BE and SK-N-SH cells (Fig-
ure 2F). To test whether the effect of FABP4 on NB cells
depends on macrophages, SK-N-BE and SK-N-SH cells
with either knocking down or overexpressing FABP4
were also established (Figure S2B). Interestingly, FABP4
knocking down or overexpressing in NB cells did not affect
their own cell viability (Figure S2C) and migration ability
(Figure S2D). These results suggested that FABP4 might
affect NB cell progression depending on macrophages.

F IGURE 1 Macrophages with high fatty acid binding protein 4 (FABP4) expression are enriched in the advanced stage of neuroblastoma
(NB) patients. (A) The expression levels of genes including CRABP1, PMP2, FABP4, and RARRES2 in tumors at low-risk group (patient
without disease relapse, n = 56) and high-risk group (patient with disease relapse, including metastases, n = 61) of NB in the minimum of 5
years from diagnosis. (B) Heatmap for differentially expressed CRABP1, PMP2, FABP4, and RARRES2 in 10 pairs of early-stage (stages I and
II) and advanced-stage (stages III and IV) NB tissue samples. (C) RT-PCR analysis of CRABP1, PMP2, FABP4, and RARRES2 in indicated cells
mainly existed in the NB environment. (D) Immunoblot analysis showing FABP4 expression in indicated cells. β-actin was used as a loading
control. (E) Left panel, immunoblot analysis showing FABP4 and CD68 expression in early and advanced stage NB tissues. β-actin was used
as a loading control. Right panel, the ratios of FABP4/β-actin and CD68/β-actin were quantified, and statistical significance was analyzed.
Data are presented as the mean ± SD (n = 5). ***p < 0.001. (F) Left panel, representative images of FABP4 and CD68 immunohistochemistry
(IHC) staining in different stages of NB tissues. Right panel, the average positive ratio from 3 to 5 fields was counted and identified by symbol
and color. *p < 0.05, **p < 0.01. Scale bar represents 100 μm. (G) Representative immunofluorescent staining images and co-expression level
of FABP4 (red) and CD68 (green) in different stages of NB tissues. DAPI (blue) stained for nuclei. *p < 0.05. Scale bar represents 100 μm
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2.3 FABP4-mediated macrophages
promote NB tumor progression in vivo

To determinewhethermacrophages-derived FABP4 repre-
sents a general mechanism for promoting tumor progres-
sion, we further evaluated tumor growth andmetastasis in
vivo by using cell line-derived orthotopic and metastatic
NB models, respectively (Figure S3A).
The orthotopic model was established by left adrenal

gland injection with SK-N-SH cells. After irradiation, mice
were injected with clodronate liposomes intraperitoneally
to deplete macrophages. All the mice were subjected to
various groups of CD14+ monocytes-derived macrophages
transplantation. The purity of peripheral blood mononu-
clear cells-derived macrophages(PBMC-DMs) was
detected by flow cytometry analysis (Figure S3B). First,
we observed that endogenous mice macrophages were
completely lost in clodronate liposome-injected mice
by F4/80 staining, which were replaced by human
macrophages (CD68+) after transplantation of PBMC-
DMs (Figure S3C). Besides, the FABP4-knockdown
group has a higher survival rate than the control group
(7/10) after clodronate liposome treatment, while the
FABP4-overexpression group has a lower survival rate
(6/10) (Figure S3D). Luciferase intensity indicated that
tumor growth was repressed by FABP4 knockdown
macrophages transplantation, while increased by FABP4
overexpression macrophages transplantation (Figure 3A
and B). H&E and IHC staining of NB tissues showed
that FABP4 was more expressed in macrophages with
FABP4 overexpression group, while seldom observed
in the FABP4 knockdown group. Moreover, FABP4
overexpression accelerated in vivo NB tumor growth, as
indicated by the upregulation of Ki67 (Figure 3C and D,
Figure S3E).
We then took advantage of metastatic NB models by

injecting with SK-N-SH cells to analyze the influence of
FABP4-altered macrophages on tumor metastasis. Human
macrophages were successfully observed in both liver
and kidney metastases after transplantation (Figure S3F).
Compared to the control group (12/15), we found that

the FABP4-overexpression group has a lower survival rate
(11/15), while the FABP4-knockdown group has no differ-
ence (12/15) (Figure S3G). In vivo bioluminescence imag-
ing demonstrated that FABP4 overexpressed macrophages
significantly expanded the metastatic tumor size, while
FABP4 suppression diminished the metastatic tumor size
(Figure 3E and F). Accordingly, a significant increase in
the development of liver and kidney node metastases was
seen in FABP4 overexpressed macrophages treated mice
compared to controls (Figure 3G and H). On the contrary,
FABP4 knockdown macrophages significantly decreased
liver and kidney node metastases (Figure 3G and H).
We also observed that FABP4 overexpression accelerated
tumor growth and metastases by IHC staining of Ki67
and TWIST, while FABP4 knockdown exerts the oppo-
site effects (Figure 3I and J, Figure S3H). These data col-
lectively suggest that macrophages-derived FABP4 plays a
critical role in promoting NB progression in vivo.

2.4 FABP4-mediated macrophages
promote secretion of IL1α

To dig out how FABP4 in macrophages functions on
NB cells, we performed RNA sequencing to screen the
cytokines altered by FABP4 in THP1-DMs. A total of
3278 and 3415 genes were downregulated and upregulated,
respectively, in NB cells subjected to CMs from FABP4-
knockdown macrophages (Figure 4A and B). To evaluate
which signaling pathway mediated the effect of FABP4 in
THP1-DMs, we analyzed the data based on the RNA-seq
using GO and KEGG pathway analyses. The result showed
that the TNF signaling pathway was the most enriched
signaling pathway (Figure 4C, Figure S4A and B). How-
ever, the upregulated genes of macrophages with FABP4
overexpression was significantly enriched in the ECM-
receptor interaction pathway (Figure S4A), which plays
a role in cell–substrate junction and has been reported
closely related to cancer metastases.27
Moreover, RNA sequencing and flow analysis results

showed that FABP4 knockdown inmacrophages increased

F IGURE 2 Conditioned Mediums (CMs) of macrophages with knocking-down fatty acid binding protein 4 (FABP4) have inhibitory
effects on the proliferation and migration of neuroblastoma (NB) cells. (A) The proliferation rate of human SK-N-BE and SK-N-SH cells
exposing to CMs of human THP1-derived macrophages (THP1-DMs) treated as indicated was assessed by CCK8 assay. (B) Colony formation
assay and statistical analysis of human SK-N-BE and SK-N-SH cells subjecting to CMs of THP1-DMs treated as indicated. (C) The cell cycle of
SK-N-BE and SK-N-SH cells after subjecting to CMs of FABP4 knocking-down THP1-DMs was identified by flow cytometry analysis, and the
ratio of cells (%) in each cell cycle phase was statistically analyzed. (D) The transwell assay and statistical analysis of SK-N-BE and SK-N-SH
cells subjecting to CMs of THP1-DMs treated as indicated. (E) The wound-healing assay of SK-N-BE and SK-N-SH cells exposing to CMs of
THP1-DMs treated as indicated for 24, 48, and 72 h, independently. (F) PCNA, p21, Cyclin B1, p-FAK397, and FAK expression levels of SK-N-BE
and SK-N-SH cells were detected and analyzed by Western blot. Data in A-F are representative of three independent experiments and
presented as mean ± SD, n = 3 independent samples. *p < 0.05, **p < 0.01, ***p < 0.001. NC stands for the average of undistinguishable
controls of scrambled sequence (for Sh-FABP4) and empty vector (for FABP4 overexpression)



MIAO et al. 7 of 23



8 of 23 MIAO et al.

the expressions of CD80 and CCR7 (pro-inflammatory
macrophage marker), but decreased the expressions
of CD209 and CD36 (anti-inflammatory macrophage
marker), which were all widely expressed on the sur-
face of macrophages. Conversely, FABP4 overexpression
exerted the opposite effects (Figure S4C). FABP4-altered
macrophages were further divided into CD80+CCR7+
and CD209+CD36+ phenotype according to their sur-
face markers. Knocking down FABP4 significantly
increased CD80+CCR7+ macrophages, but decreased
CD209+CD36+ phenotype. The effects were reversed by
FABP4 overexpression (Figure 4D).
We then focused on the cytokines secreted by CMs of

FABP4-knockdown macrophages, which exerted anti-
tumor ability through inhibiting NB cell proliferation
and migration. RNA sequencing results revealed multiple
cytokines and chemoattractants were upregulated. Con-
sidering both CCL1 and CCL20, which screened as the
most upregulated chemoattractants, are T cell attracting
factors and mainly responsible for Treg cell migration
to the TME in human breast and lung cancers,28–30 we
identified other eight differential cytokines (IL1A, CXCL3,
IL1B, IL23A, CXCL1, CCL2, CXCL8, and IL6) with higher
local expressions, and verified by RT-PCR analysis. All
of these eight cytokines were upregulated in CMs of
FABP4-knockdown macrophages and downregulated
in CMs of FABP4-overexpression macrophages (Figure
S4D). Being the most significantly changed cytokine,
interleukin 1α (IL1α), one of the potent inflammatory
cytokines that activate the inflammatory process equally
to IL1β,31 caught our attention. IL1α concentration in
CMs of FABP4-altered macrophages was further detected
by enzyme-linked immunosorbent assay (ELISA). The
concentration of IL1α was significantly increased or
decreased in CMs after FABP4 knockdown or overexpres-
sion in macrophages, respectively (Figure 4E). We also
detected a significant reversed correlation (R = –0.76)

between FABP4 and IL1α expression in the online
microarray data set (GEO accession number: GSE3446)
(Figure 4F).

2.5 FABP4-mediated macrophages
decrease the chemotaxis of CD8+ T cells
through CXCL8

Considering FABP4 downregulation in TAMs also affects
the secretion of several chemokines such as CXCL3,
CXCL1, CCL2, and CXCL8 (IL8), we then examined the
effects of CMs from knocking-down or overexpressing
FABP4 macrophages on the chemotaxis of T cells. Differ-
ent CMs from knocking-down and overexpression FABP4
macrophages were placed at the bottom of the transwell
inserts. Purified CD4+ or CD8+ T cells were seeded in the
top chambers. The infiltration of CD8+ but not CD4+ T
cells significantly increased inCMs fromFABP4 knocking-
down macrophages when compared to the control, while
the chemotactic ability was decreased after exposure to
CMs from FABP4 overexpression macrophages (Figure
S5A). It has been reported that CXCR1-expressing CD8+ T
cells showed high levels of IFN-γ, perforin, and cytotoxic
activity, as well as high responsiveness to IL-8/CXCL8.32
We further performed a function-blocking assay to
demonstrate whether the chemotaxis of CD8+ T cell by
FABP4 alteration was mediated by CXCL8. As expected,
the CXCL8 neutralized antibody inhibited CD8+ T-cell
chemoattractant induced by CMs of FABP4 knockdown
macrophages. Conversely, the addition of rh CXCL8 dose
dependently increased the chemoattractant of CD8+ T
cells (Figure S5B). Collectively, these results verified that
FABP4 deficiency in macrophages not only influenced the
property of NB cells but induced CD8+ T-cell chemotaxis
through secreting CXCL8 to initiate adaptive immunity of
T cells.

F IGURE 3 The effects of macrophages with fatty acid binding protein (FABP4) alteration on tumor growth and metastases in vivo. (A)
The volumes of SK-N-SH-Luc adrenal orthotopic neuroblastoma (NB). (B) Quantification of light emission was monitored and detected by
bioluminescence. The representative images were shown after engrafting peripheral blood mononuclear cells-derived macrophages
(PBMC-DMs) treated as indicated for days 7, 14, and 21, irrespectively. Data are presented as the mean ± SD (n = 6). **p < 0.01. (C)
Representative images of Ki67 and FABP4 immunohistochemistry (IHC) staining in NB tissues treated as indicated. Scale bars represent
100 μm. The average positive ratio from 3 to 5 fields was analyzed by symbol, color, and shown. (D) Quantification of (C). *p < 0.05, **p < 0.01.
(E) SK-N-SH-Luc cells were injected into NSG mice through the tail vein, and then subjected to PBMC-DMs treated as indicated. The volumes
and sites of metastases were recorded. The representative images were shown after engrafting PBMC-DMs treated as indicated. (F)
Quantification of light emission was detected by bioluminescence. Data are presented as the mean ± SD (n = 6). *p < 0.05, **p < 0.01. (G)
Visual examination in livers and kidneys metastases of mice treated as indicated. (H) The number of liver, kidney, peritoneal cavity and
colorectal metastases treated as indicated were recorded. (I) Representative images of Ki67 and Twist IHC staining in livers and kidneys
metastases of NB treated as indicated. Scale bars represent 100 μm. (J) The average positive ratio from 3 to 5 fields was analyzed by symbol,
color, and shown. *p < 0.05, **p < 0.01. Control stands for a representative sample of undistinguishable controls of scrambled sequence (for
Sh2-FABP4) and empty vector (for FABP4 overexpression)
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2.6 FABP4 knockdown regulates
macrophage differentiation and
tumor-inhibiting effect through IL1α

We performed a function-blocking assay to demon-
strate the role of IL1α in FABP4-altered macrophages.
The IL1α neutralized antibody inhibited the decrease
of CD80+CCR7+ macrophages and the increase of
CD209+CD36+ macrophages induced by CMs of
FABP4 knockdown macrophages. Conversely, the
addition of rh IL1α alone showed a dose-dependently
increase of CD80+CCR7+ macrophages and a decrease
of CD209+CD36+ macrophages (Figure 4G and H),
which was further accordingly changed by FABP4 alter-
ation (Figure S6A). Moreover, IL1α depletion in CMs of
macrophages enhanced proliferation and migration of
SK-N-SH cells and blunted the tumor-inhibiting effects
of FABP4-knockdown macrophages (Figure 4I–K and
Figure S6B). Consistently, the expressions of PCNA, p21,
phospho-FAK, and Cyclin B1, which were inhibited or
increased by FABP4-knockdown macrophages, were all
rescued by IL1α depletion (Figure 4L). The function of
IL1α on NB cells was also investigated. Interestingly, no
effect on tumor cell growth or migration in SK-N-SH
cells after treating IL1α was observed (Figure S6C–E).
Collectively, these data demonstrated that FABP4-induced
macrophage polarization, which was mediated by IL1α, is
critical for NB progression.

2.7 NF-κB binds to the promoter region
of IL1α and regulates its transcriptional
activity

Considering that IL1α was highly expressed in FABP4-
knockdown macrophages, further mechanism was

exploited to determine the upstream regulation of IL1α.
Numerous sequences of transcript factors involved in
the TNF signaling pathway were predicted to bind to the
promoter of IL1α by the online Human TFDB database
(bioinfo.life.hust.edu.cn/ Human TFDB/).33 NF-κB/RelA,
as the downstream regulator of the TNF signaling pathway,
was screened with higher binding activity (-1042–1057 bp)
of the IL1α promoter by JASPAR database (version 2020)
prediction (Figure S7A).34 The binding region of IL1α
promoter (IL1α-BR) to NF-κB was further confirmed
by chromatin immuno-precipitation (ChIP) assays (Fig-
ure 5A). Additionally, we generated overexpressed intact
IL-1α-BR (IL1α-BR wt) and IL-1α-BR deleted (IL1α-BR dt)
macrophages, then subjected to Bay 11–7082 and TNFα,
which functioned as an inhibitor and activator of NF-κB,
respectively (Figure S7B).35 According to the luciferase
assay, Bay 11–7082 significantly reduced the promoter
activity of all the groups, which implies the regulation of
NF-κB to IL1α. Furthermore, the luciferase activity was
higher in IL1α-BR wt than IL1α-BR dt exposed to Bay
11–7082. However, the luciferase activity was significantly
increased after TNFα treatment. The luciferase activity
was even higher in macrophages with IL1α-BR wt, while
macrophages with IL1α-BR dt showed lower activity than
IL1α-BR wt under TNFα (Figure 5B). The alteration of
IL1α concentration in the supernatants as well as cellular
expression of various groups exerted a similar tendency
with luciferase assay results (Figure 5C and D). The results
showed that NF-κB accelerated the transcription activity
and expression of IL1α through binding to its promoter
region (-1042–1057 bp).
The role of NF-κB on tumor-inhibiting effects of

FABP4-altered macrophages was also investigated. FABP4
knocking down obviously facilitated NF-κB nuclear
translocation and IL1α luciferase activity in macrophages,
which were blunted by Bay 11–7082, as demonstrated by

F IGURE 4 IL1α in conditioned mediums (CMs) from fatty acid binding protein 4 (FABP4) knockdown macrophages increased
CD80+CCR7+ phenotype and is responsible for neuroblastoma (NB) cell proliferation and migration. (A) Volcano plot of RNA-sequencing
expression in FABP4 knockdown-stimulated human THP1-derived macrophages (THP1-DMs). (B) Heatmap of the most upregulated and
downregulated inflammation-related signaling molecules by RNA sequencing expression profiling of THP1-DMs treated as indicated. (C)
KEGG pathway enrichment analysis of RNA sequencing expression profiling in macrophages with FABP4 knockdown. The pathway analysis
was performed with the GSEA method, which was based on an empirical permutation test procedure. (D) Left panel, representative flow
cytometric plots of CD80+CCR7+ and CD36+CD209+ THP1-DMs treated as indicated. Right panel, quantification of percentage was analyzed.
(E) IL1α concentration in the CMs of THP1-DMs treated as indicated was measured by enzyme-linked immunosorbent assay (ELISA). (F)
Correlation analysis showing expression of FABP4 and IL1α in the online microarray data set (GSE3446). (G) Representative flow cytometric
plots of CD80+CCR7+, CD36+CD209+ THP1-DMs treated as indicated. (H) Quantification of percentage was shown and analyzed. (I) The
proliferation rate of SK-N-SH cells exposing to CMs of THP1-DMs treated as indicated was assessed by CCK8 assay. (J) The cell cycle of
SK-N-SH cells after treatment was obtained by flow cytometry analysis, the ratio of cells (%) in each cell cycle phase was statistically analyzed.
Representative flow cytometric histograms were showed in Figure S5E. K The transwell assay and statistical analysis of SK-N-SH cells
subjecting to CMs of human peripheral blood mononuclear cells-derived macrophages (PBMC-DMs) treated as indicated. (L) PCNA, p21,
Cyclin B1, p-FAK397, and FAK expression levels of SK-N-SH cells were detected and analyzed by Western blot. Data in D, E, F, H-L are
presented as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p< 0.001. Control stands for the average of undistinguishable controls of
scrambled sequence (for Sh-FABP4) and empty vector (for FABP4 overexpression)
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Western blot, immunostaining analysis, and luciferase
assay (Figure 5E–G). Concurrently, FABP4 overexpression
markedly inhibited NF-κB nuclear translocation, which
was rescued by TNFα treatment (Figure S7C and D).
Moreover, the increased concentration of IL1α, which was
induced by CMs from FABP4 knockdown inmacrophages,
was also decreased (Figure 5H). Furthermore, Bay 11–7082
reduced CD80+CCR7+ macrophages while increased
CD209+CD36+ macrophages induced by FABP4 knock-
down (Figure 5I). We also observed that macrophages
with NF-κB inhibition promoted the proliferation and
migration of SK-N-SH cells, and blunted the tumor-
inhibiting effects of FABP4-knockdown macrophages
(Figure S7E–G). These data indicated that macrophages
with FABP4-knockdown promoted CD80+CCR7+ phe-
notype and exerted the tumor-inhibiting effect through
NF-κB/RelA-mediated IL1α regulation.

2.8 ATPB is associated with
FABP4-regulated NF-κB activation in
macrophages

To investigate whether FABP4 cooperated with specific
proteins to regulate NF-κB activation, we performed an
IP assay, followed by mass spectrometry. According to the
MS-prot score, ATPB ranks as the most potential inter-
active protein of FABP4 (Figure S8A). As one of the
ATP synthases subunits, ATPB is expressed both in the
inner mitochondrial membrane and cell surface known
as the ectopic expression in normal cells and other can-
cer cell types and responsible for ATP production.36 We
first determined the effect of FABP4 on ATPB expres-
sion by Western blot and immunostaining analysis. Inter-
estingly, ATPB expression was obviously upregulated by
macrophages with FABP4 knockdown, but downregulated
by macrophages with FABP4 overexpression (Figure 6A

and B). Besides, ATP concentration was altered corre-
spondingly (Figure 6C). We further detected the expres-
sion of CPT-1, a key enzyme initiating mitochondrial fatty
acid oxidation. Our results indicated that FABP4 inhib-
ited the expression of CPT-1 (Figure 6D). Oligomycin A, an
ATP synthase inhibitor,37 was found to dose-dependently
inhibit ATP production in macrophages (Figure S8B). Fur-
ther study showed that oligomycin A markedly inhib-
ited the activity of NF-κB/RelA translocation and the
downstream IL1α concentration, which were induced by
knocking-downFABP4 (Figure 6E andF). Our results indi-
cated that ATPB-mediatedATP productionwas involved in
FABP4 knockdown-induced NF-κB activation.

2.9 FABP4 binds with the N-terminal
fragment to block the interaction with
USP30 and accelerates ATPB
ubiquitination

The interaction between FABP4 and ATPB was fur-
ther confirmed by immunoblotting analyses (Figure 6G).
We established three human FLAG-tagged ATPB vec-
tors harboring FL (1-529), N-terminal (N, 1–265), and
C-terminal (C, 266–529) constructs and carried out IP
assays using an anti-FLAG antibody to further identify
the ATPB residues that associated with FABP4. Inter-
estingly, we demonstrated that FABP4 interacted mainly
with the N-terminal fragment of ATPB (Figure 6H).
The N-terminal fragment of ATPB contains several
protein lysine modification sites, especially ubiquitina-
tion (http://plmd.biocuckoo.org/view.php?id = 0003494).
FABP4 alteration did not affect the mRNA level of ATPB
(Figure S8C). Therefore, we hypothesized whether FABP4
plays a role in regulating ATPB degradation. Cyclohex-
imide was utilized to inhibit the synthesis of proteins.
Immunoblotting analyses showed that overexpression of

F IGURE 5 Fatty acid binding protein 4 (FABP4) knockdown-induced IL1α is transcriptionally regulated by NF-κB/RelA. (A) Chromatin
immuno-precipitation (ChIP) assays showed that the IL1α promoter contains a consensus NF-κB binding region. (B) The transcriptional
activity of IL1α wide type (wt) and deletion (dt) in human THP1-derived macrophages (THP1-DMs) under NF-κB stimulator or inhibitor
treatment was evaluated by luciferase assay. (C) Enzyme-linked immunosorbent assay (ELISA) for IL1α concentration in THP1-DMs under
NF-κB stimulator or inhibitor treatment. (D) Upper panel, immunoblot analysis of IL1α expression in THP1-DMs treated as indicated. β-actin
was used as a loading control. Lower panel, the ratio of IL1α/ β-actin was quantified. (E) Immunoblot analysis of NF-κB in the cytoplasm and
nuclear of THP1- and human peripheral blood mononuclear cells-derived macrophages (PBMC-DMs) exposed to Bay 11–7082 treatment.
β-actin and histone H3 were used as loading controls separately in the cell cytoplasm and nuclear. Right panel, the ratios of NF-κB/ β-actin
and NF-κB/Histone H3 were quantified, and statistical significance was analyzed. (F) Representative immunofluorescent staining images of
NF-κB (red) and F-actin (green) in THP1-DMs exposed to Bay 11–7082 treatment. DAPI (blue) stained for nuclei. Scale bar represents 100 μm.
(G) Luciferase activity driven by the IL1α wt and dt promoter in THP1-DMs treated as indicated. (H) ELISAassay for IL1α concentration in
THP1-DMs treated as indicated. (I) Left panel, representative flow cytometric plots of CD80+CCR7+ and CD36+CD209+ PBMC-DMs treated
by Bay 11–7082. Right panel, quantification of percentage was shown and analyzed. Data in A-E, G-I are representative of three independent
experiments and presented as mean ± SD, n = 3 biologically independent samples, *p < 0.05, **p < 0.01, ***p < 0.001
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FABP4 markedly accelerated ATPB degradation, which
was inhibited by FABP4 knockdown (Figure 6I). In addi-
tion, decreased ATPB levels were rescued by the pro-
teasomal inhibitor MG-132 (Figure 6J) but not by leu-
peptin (Figure S8D), indicating that the effect of FABP4
on ATPB stabilization was not mainly from lysosome
degradation, but proteasomal degradation. Moreover, we
performed IP assays in cells overexpressing ATPB and
detected ubiquitin levels after FABP4 alteration. Expect-
edly, the level of ubiquitinated ATPB was significantly
decreased by FABP4 knockdown, while increased by
FABP4 overexpression in THP1 and NB cells (Figure 6K).
E3 ubiquitin ligase March5 directs degradation of import
intermediates by proteasomes, and themitochondrial deu-
biquitinase (DUB) USP30 are reciprocally associated with
the translocase and regulate mitochondrial import. Ubiq-
uitinated intramitochondrial proteins including ATPB
lead to the reduction of the TOM (translocase of the outer
membrane) complex in USP30-knockdown cells.38 There-
fore, we performed co-IP assays to determine whether
FABP4 affects the interaction between ATPB and March5
or USP30. Expectedly, FABP4 upregulation markedly
blocked the binding of USP30 to ATPB, while had no
effects on the level of March5 (Figure S8E), indicating
that FABP4 accelerates ATPB ubiquitination by blocking
the interaction of ATPB with USP30. Taken together, our
results suggested that FABP4 overexpression increased the
binding activity with the N-terminal fragment of ATPB
and impeded the interaction with USP30, leading to ATPB
degradation through polyubiquitination.

2.10 Levels of FABP4 and IL1α are
associated with the phenotype of TAMs and
monocytes in NB

We thenmeasured the role of FABP4 inNBplasma (n= 40)
to correlate the aforementioned results with physiopathol-
ogy in the clinic. The expression of Ki67 and TWIST was
higher in the advanced stage than that of the early stage,
reflecting the proliferative and metastatic properties of NB
(Figure 7A and B). We also explored the phenotype of
tumor-associated macrophages (TAMs) and classic mono-
cytes in tissues and PBMCs of NB patients, respectively
(Figure S9A andB). Our result showed that CD209+CD36+
macrophages were more existed in advanced stage of
NB samples (n = 5), compared to the early stage, while
CD80+CCR7+ macrophages were more existed in early
stage (Figure 7C). Moreover, CD14+CD16– classic mono-
cytes were also higher in PBMCs of early stage, indicating
classic monocytes were necessary to TAMs infiltrating and
to sustain the inflammatory state in early NB environment
(Figure 7D). Considering the concentration of secreted
FABP4 in THP1-DMs and PBMC-DMs was upregulated
and downregulated with FABP4 knockdown and overex-
pression, respectively (Figure 7E), we then investigated
the secreted FABP4 and IL1α in NB patients. As expected,
the advanced-stage group exhibited higher FABP4 levels,
whereas lower IL1α levels. On the contrary, the early-stage
group showed the opposite pattern (Figure 7F and G).
Moreover, the expression of IL1α was highly expressed in
the early stage (Figure 7A and B). Collectively, these data

F IGURE 6 ATPB ubiquitination mediated by fatty acid binding protein 4 (FABP4) is responsible for NF-κB activation in human
THP1-derived macrophages (THP1-DMs). (A) Immunoblot analysis of FABP4 and ATPB expression in THP1-DMs with FABP4 alteration.
β-actin was used as a loading control. Quantification of the immunoblot analysis is shown in the bottom panel. (B) Representative
immunofluorescent staining images of ATPB (red) and FABP4 (green) in THP1-DMs with FABP4 alteration. DAPI (blue) stained for nuclei.
Scale bar represents 100 μm. (C) ATP concentration in THP1-DMs and human peripheral blood mononuclear cells-derived macrophages
(PBMC-DMs) with FABP4 knockdown and overexpression, respectively. (D) The expression of CPT1 in THP1-DMs and PBMC-DMs with
FABP4 alteration was detected, respectively. (E) Left panel, immunoblot analysis of NF-κB expression in cytoplasm and nuclear of THP1-DMs
and PBMC-DMs treated as indicated. β-actin and histone H3 were used as loading controls separately in the cell cytoplasm and nuclear. Right
panel, the ratios of NF-κB/ β-actin and NF-κB/Histone H3 were quantified, and statistical significance was analyzed. (F) Enzyme-linked
immunosorbent assay (ELISA) for IL1α concentration in THP1-DMs and PBMC-DMs with FABP4 knockdown and overexpression. (G)
THP1-DMs were transfected with vectors expressing ATPB and FABP4 and treated with MGC-132. Co-immuno-precipitation (Co-IP) assays
were performed to verify the interaction between ATPB and FABP4. (H) THP1-DMs were transfected with vectors expressing FLAG-tagged
full-length (FL), N-terminal (N), or C-terminal (C) constructs. IP and Western blot assays were then performed. (I) Immunoblot analysis
detection of ATPB levels in THP1-DMs with FABP4 alteration, followed by treatment with CHX (50 μg/ml) for the indicated times.
Quantification of the immunoblot analysis was shown in the lower panel. (J) THP1-DMs were treated with MGC-132 and then subjected to
transfection procedures. ATPB expression was detected by immunoblot analysis. Quantification of the immunoblot analysis is shown in the
lower panel. (K) FLAG-tagged ATPB was transfected into THP1 and then subjected to IP assays. The total ubiquitination level after FABP4
alteration was detected by immunoblot analysis. Data in A, C–K are representative of three independent experiments and presented as mean
± SD, n = 3 biologically independent samples, *p < 0.05, **p < 0.01, ***p < 0.001. Control stands for the average of undistinguishable controls
of scrambled sequence (for shFABP4) and empty vector (for FABP4 overexpression)
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further indicated that FABP4 is a promising prognostic
indicator and a potential therapeutic target.

3 DISCUSSION

Immune suppressive TME consistently exists during
cancer development. It leads to TAMs transition and
ineffective lymphocytes (TILs) infiltration and further
enlarges immune suppression.39 Targeting the TME
along with tumor cells has been reported beneficial to
a subgroup of high-risk NB patients.40 As one of the
major components belonging to the innate immune
system, reactivating TAMs is necessary for reversing
immune suppressive state and stimulating immune
defense to exert tumoricidal function. Our data revealed
that CD209+CD36+ TAMs were more existed in the
advanced stage of NB, while CD80+CCR7+ TAMs as well
as CD14+CD16– classic monocytes were more existed
in tissues and PBMCs of early-stage NB, indicating the
tumor-inhibiting and tumor-promoting TME in early and
advanced NB environment, respectively. However, the
underlying molecular mechanisms responsible for the
pro-tumor activity of TAM in NB remain unclear.
Lipidmetabolic process is causally linked to the develop-

ment of cancers.41 However, how the lipid metabolic pro-
cess is regulated in NB cells and how its role works in
the immune alteration of the TME have not been eluci-
dated.Herein,we first obtained the differentially expressed
genes targeting lipid metabolism from the online microar-
ray data and further validated the results using clinical
NB tissues. FABP4, a lipid metabolism-related gene, was
highly expressed in NB tissues. It is reported that the num-
ber of TAMs was strongly associated with an unfavor-
able histologic type and poor clinical of NB. Further data
demonstrated that FABP4 upregulation in NB tissues was
primarily restricted to a subset of TAM, but not the NB
cell itself. Abundant CD4+ T cells infiltration as well as
decreased CD8+ T cells and granzyme B expression were
observed in the advanced stage of NB patients, confirm-
ing that the immune-related status was more passive in

the TME of advanced stage and negatively associated with
the outcome of NB. Moreover, FABP4 was identified as the
most upregulated gene expressed mainly in TAMs of the
advanced stage, which is closely associated with inflam-
matory activation.21–23,42,43 Circulating FABP4 is also con-
sidered as a marker of preclinical metabolic syndrome in
humans.44 Therefore, we speculated that FABP4 is not
only linked to both cellular and systemic metabolic pro-
cesses but also probably as a clinical or biologic marker
associated with the outcome of cancers, especially in NB.
It is known that macrophages with a pro-inflammatory

subtype play a tumor-inhibiting role during cancer
progression.45 In our study, FABP4 expression was found
to be highly correlated with the expression of CD68 in
NB samples. Therefore, high expression of FABP4 in
macrophages is associated with poor prognosis in NB and
could be used as an independent predictor of NB progno-
sis.Moreover, we further showed that FABP4 expression in
macrophageswas critical for proliferation andmigration of
NB cells in vitro and their growth and metastasis in vivo.
Mechanically, lower expression of FABP4 significantly
increased CD80+CCR7+ macrophages (pro-inflammatory
subtype), along with decreased CD209+CD36+ anti-
inflammatory phenotype, which provides a validated
explanation for decreased FABP4 expression in inhibit-
ing NB growth via TAMs. Different chemokine receptors
expression leading to various trafficking patterns of T cell
subsets, FABP4 deficiency in macrophages also induced
CD8+ T cell chemotaxis through secreting CXCL8 to ini-
tiate adaptive immunity of T cells, which bridges the gap
between the innate and acquired immune responses in
TME of NB. Thus, our data suggest that FABP4 may serve
as a new functional marker for protumor macrophages.
The precise mechanism of FABP4 regulation in

macrophages was further investigated. We noticed that
FABP4 knockdown stimulated secretion of series of
cytokines that are probably responsible for the proin-
flammatory TME. Although TNF signaling pathway was
significant enriched by KEGG analysis, TNF-α-stimulated
cytokines were not altered according to RNA-seq results.
IL1α was significantly upregulated by FABP4 knocking

F IGURE 7 The levels of fatty acid binding protein 4 (FABP4) and IL1α are associated with the phenotype of tumor-associated
macrophages (TAMs) and monocytes in neuroblastoma (NB) tissues and blood from different stages, respectively. (A) Representative images
of Ki67, Twist, and IL1α immunohistochemistry (IHC) staining in different stages of NB tissues. The average positive ratio from 3 to 5 fields
was counted and identified by symbol and color in (B). **p < 0.01. ***p < 0.001. Scale bar represents 50 μm. (C) Representative flow
cytometric plots of CD80+CCR7+, CD36+CD209+macrophages in early- and advanced-stage NB tissues. (D) Representative flow cytometric
plots of CD14+CD16– monocytes in early- and advanced-stage NB tissues. Data in C–D are presented as the mean ± SD (n = 5). *p < 0.05,
**p < 0.01. (E) Concentration of secreted FABP4 in THP1-derived macrophages (THP1-DMs) and human peripheral blood mononuclear
cells-derived macrophages (PBMC-DMs) with FABP4 knockdown and overexpression, respectively. Data in E are presented as the mean ± SD
(n = 3). ***p < 0.001. (F) Concentration of secreted FABP4 in early-stage (stages I and II) and advanced-stage (stages III and IV) NB samples.
(G) Concentration of secreted IL1α in early-stage (stages I and II) and advanced-stage (stages III and IV) NB samples. Data in F–G are
presented as the mean ± SD (n = 10). *p< 0.05, **p < 0.01
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down. IL1 family and TNF are both potent activators of
NF-κB to induce inflammation. IL1α was screened as
the mediator for its potent inflammatory activity and
significant negative correlation with FABP4 in the GEO
database. We thus hypothesized that IL1α, but not TNF-α,
may be responsible for FABP4-induced function, and
verified through further studies. The roles of IL1α in
cancer biology are various, with either a pro-tumorigenic
role or tumor suppressor.46 Overexpression of IL1α in
fibrosarcoma lines appears to induce antitumor immunity
mediated by innate immune cells.47 Furthermore, IL1α
blocking antibody significantly suppresses macrophages
specific FABP4-enhanced NB cell migration and invasion.
In our study, we demonstrated that IL1α stimulated
by FABP4 knockdown takes the main responsibility of
macrophages phenotype skewing and anti-tumor ability.
Given that the TNF signaling pathway is significantly

enriched in macrophages with FABP4 knockdown, tran-
scriptional candidates have a binding activity of the IL1α
promoter. IL1α-BR were predicted and screened through
associating with the TNF pathway. Expectedly, the tran-
scriptional factor NF-κB/RelA shows highly binding
activity of the IL1α promoter (IL1α-BR) and increases
IL1α expression. These data revealed the inflammatory
role of the NF-κB/RelA-IL1α axis in FABP4 regulation.
Numerous proteins have been reported to interact with
FABP4, such as HSL and cytokeratin 1.48 We proposed that
FABP4 may regulate the transcriptional activity of NF-
κB/RelA through protein interaction. Interestingly, mass
spectrometry analysis and Co-IP study identified ATPB as
a newly discovered FABP4-binding protein. ATPB, known
as a subunit of mitochondrial ATP synthase, is responsible
for catalyzing ATP synthesis and promoting oxidative
phosphorylation.49 As reported, FABP4 downregulation
possibly resulted in increasing free FA availability, there-
fore, mitochondrial functions such as lipolysis and ATP
productionwere inversely enhanced through rescuemech-
anisms such as the increase of the rate of FA oxidation
(FAO), tricarboxylic acid (TCA) cycling, as well as oxida-
tive phosphorylation. In our study, the level and function
of ATP were also investigated. Interestingly, we further
found that activation of the NF-κB/RelA-IL1α axis closely
depends on FABP4 knockdown-induced ATP production.
Mitochondria ATP is responsible for the cell’s energy
requirements. Moreover, it also actively regulates innate
immune responses against infectious and sterile insults.50
Excluding the rescue mechanisms, we wondered whether
ATP levels induced by FABP4 resulted from the interaction
between FABP4 and ATPB. ATPB is predicted to contain
several ubiquitinate sites, including proteasomal degrada-
tion (http://cplm.biocuckoo.org). Our study verified that
FABP4 is responsible for ATPB stability, its overexpres-
sion increased the binding activity with the N-terminal

fragment of ATPB and impeded the interaction with
USP30, leading to subsequent ubiquitination. Collectively,
these findings further delineated the detailed mechanism
underlying FABP4-mediated ATPB activity and NF-κB
translocation. Although intratumor inflammation has
provided a validated prognostic signature for children
with metastatic NBL-NA,10 the molecular mechanisms
underlying NB were largely unknown. More effective
therapeutic strategies targeting immune cells could be
used to reduce therapy-related toxicities of high-risk NB.
In summary, our study suggests expression of FABP4

in macrophages is an independent prognostic factor and
predicts poor outcomes in NB patients, complementary
to MYCN status and clinical stage. Our results also
indicate that FABP4 in macrophages increases malig-
nant phenotypes of NB cells in vitro and tumor growth
in vivo, whereas knockdown of FABP4 in macrophages
suppresses NB cell invasive properties. Mechanistically,
FABP4 promotes ATPB ubiquitination, decreases ATP lev-
els, and deactivates NF-κB/RelA-IL1α pathway, to sustain
macrophages in an anti-inflammatory phenotype in NB.
Thus, FABP4 may serve as a new functional marker for
protumor TAM in NB, and targeting FABP4 in TAM may
represent a novel strategy for NB immunotherapy.

4 METHODS

4.1 Cell isolation and cell culture

Human HUVEC, THP1, and NB cell lines SK-N-BE and
SK-N-SH were obtained from the American Type Culture
Collection (ATCC,Manassas, VA, USA) andmaintained in
RPMI-1640 containing 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin at 37◦C under 5% CO2. All the
cells were authenticated via short-tandem repeat profiling
and tested free of mycoplasma contamination.
PBMCs were provided and isolated by Ficoll-Paque

Plus reagent (#45-001-749; GE Healthcare, Pittsburgh, PA,
USA). Cell viability was determined by trypan blue stain-
ing. CD14+ monocytes were further isolated by anti-CD14
microbeads (#130-050-201; Miltenyi Biotec, Bergisch Glad-
bach, Germany) and cultured in RPMI-1640 medium con-
taining 10% FBS. The monocytes were further stimulated
with 20 ng/mL M-CSF (#30025; PeproTech, Rocky Hill,
USA) for 7–10 days to obtainmaturemacrophages (PBMC-
DMs). THP1 cells were plated and stimulated by phorbol
12-myristate 13-acetate (PMA, #P8139; Sigma-Aldrich, St.
Louis, USA) for 4 h or overnight to obtain THP1-DMs.
CD3+ T cells were isolated from PBMCs by a Pan T Cell

Isolation Kit (#130-096-535;MiltenyiBiotec, Bergisch Glad-
bach, Germany), and further classified as CD4+ or CD8+
T cells by using CD4 or CD8 microbeads (#130-045-101 or

http://cplm.biocuckoo.org
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#130-045-201;MiltenyiBiotec). All the T cells were cultured
in T-cell expansion medium (ImmunoCult-XF T Cell Exp
Medium; StemCell, Vancouver, Canada).

4.2 NB tissue samples

NB tissue sampleswere obtained fromGuangzhouWomen
and Children’s Medical Center. Ethical approval was
obtained from the Institutional Ethics Committee and
written consent was obtained from patients’ guardians
before collection of samples. NB samples were catego-
rized into two groups—early-stage (stages I and II, n = 10)
and advanced-stage (stages III and IV, n = 10) groups—
based on the clinicopathological information. We adopted
another fresh early-stage (n = 5) and advanced-stage
(n = 5) NB samples for TAMs and classic monocytes anal-
ysis in tissues and PBMCs. This study was conducted in
accordance with the ethical standards of the World Medi-
cal Association Declaration of Helsinki.

4.3 IHC and immunofluorescence

NB tissue samples andmice tumor samples were fixed and
embedded for IHC staining as previously described.51 After
blockade, the indicated sections were separately incubated
with rabbit anti-FABP4 antibody (#ab13979; Abcam, Cam-
bridge, MA, USA), mouse anti-human CD68 antibody
(#ab201340; Abcam), mouse anti-CD8 antibody (#66868-1-
Ig; ProteinTech, Chicago, IL, USA), rabbit anti-CD4 anti-
body (#25229; Cell Signaling Technology, Beverly, USA),
rabbit anti-Ki67 antibody (Cat#12202; Cell Signaling Tech-
nology), rabbit anti-Twist antibody (#25465-1-AP; Protein-
Tech), rabbit anti-ATPB antibody (#ab14730; Abcam), and
mouse anti-IL1α antibody (#MAB200-SP; R&D,MN, USA)
at 4◦C overnight, followed by hybridized with biotiny-
lated goat anti-rabbit/mouse immunoglobulin (GK500705;
Dako, Glostrup, Denmark) at 37◦C for 30 min and visu-
alized with diaminobenzidine (DAB) (GK500705; Dako).
Five representative fields of each section were captured
and analyzed. The average positive ratio was defined by
the symbol and color. The positive ratios of CD4 and CD8
were defined by the symbol and color in nucleated cells.
The slides were scored independently by two experienced
pathologists.
Immunofluorescence was conducted as described

previously.52 The tissue sections or fixed cells were
incubated with anti-FABP4 antibody, anti-human CD68
antibody, and rabbit anti-ATPB antibody, independently,
followed by incubating with anti-mouse or rabbit Alexa
Fluor secondary antibodies (#4410 or #4412; Cell Signal-
ing Technology). The nuclei were visualized with DAPI
staining. All images were acquired by confocal microscopy

(Leica SP8; Lecia Microsystems, Germany) equipped with
a 40× objective.

4.4 Reagents and preparation of CM

MG-132 (HY-13259), Bay 11–7082 (HY-13453), Oligomycin
A (HY-16589), and protein A/G magnetic beads (HY-
K0202) were purchased fromMedChemExpress (New Jer-
sey, USA). Cycloheximide (CHX) was purchased from
Abmole (TX, USA). Human CXCL8 (#200-08 M) and IL-
1α (#200-01A) were purchased from PeproTech. Mouse
anti-CXCL8 antibody (#MA5-23697) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA).
For preparing macrophages-derived CMs, THP1-DMs

were seeded in culture medium for 24 h, thereafter expos-
ing to various treatments for 48 h, the supernatants were
collected and stored.

4.5 Cell transfection

Human FLAG-tagged cDNAs of ATPB, including FL
(1-529aa), N-Terminal (1-265aa), C-Terminal (266-529aa),
and full-length (FL) FABP4 were all synthesized by
OBiO Technology Inc. (Shanghai, China) and subcloned
into pcDNA3.1 vector. The wide-type (wt) and dele-
tion (dt) cDNAs of IL1α promoter region (944-953:
GGGGCTTCACTATGTT) were constructed in pGL4.10
vector. The shRNA sequences targeting human FABP4
(#1: GCATGGCCAAACCTAACAT; #2: GGAAAGTCAA-
GAGCACCAT; #3: CCTGGTACATGTGCAGAAA) were
assembled into the vector pDKD-CMV-Puro-U6-shRNA
and validated by RT-PCR. Cell transfection was performed
using Lipofectamine 3000 Transfection Reagent (Invit-
rogen, Carlsbad, CA, USA). As for THP1-DMs, NATE
(#lyec-nate; Invivogen, MA, USA) was added to enhance
transfection efficacy. The scrambled shRNA sequence (SC:
TTCTCCGAACGTGTCACGT) was used as a control for
FABP4 knockdown, while the empty vector was con-
structed as a control for FABP4 overexpression. Human
FABP4 cDNA and selected shRNA (Sh2-FABP4) plasmids
were also packaged into adenoviruses (pADV-U6-shRNA-
CMV-MCS) by OBiO Technology Inc. for PBMC-DMs
transfection.

4.6 Flow cytometry analysis

Cell cycle analysis was performed with a cell cycle detec-
tion kit (#KGA511; KeyGen, Nanjing, China) according
to the manufacturer’s instructions. The treated cells were
fixed with 75% ethanol and then stained with PI for flow
cytometry analysis.
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To detect the phenotype of PBMC-DMs, cells were
incubated with indicated CMs for 48 h after differenti-
ation. The phenotype of the macrophages was analyzed
by flow cytometry, independently, followed by staining
withAPC anti-humanCD209 (#330107), FITC anti-human
CD80 (#305205), APC anti-human CCR7 (#353213), PE
anti-human CD11b (#301305), FITC anti-human CD36
(336203), Alex Fluor@700 anti-human CD16 (#302026),
PerCP anti-human CD14 (#325632), PE/Cyanine 7 anti-
human CD45 (#368532), Brilliant Violet 421 anti-human
HLA-DR (#307635), andAPC anti-human Lineage cocktail
(CD3, CD19, CD20, CD56) (#363601), which were all pur-
chased from BioLegend (San Diego, CA, USA).

4.7 Cell proliferation

Cell proliferation was measured by CCK8 assay (Dojindo,
Japan) according to the manufacturer’s instructions. The
SK-N-BE and SK-N-SH cells were plated in 96-well plates
for 24 h and treated as indicated. The cell viability index
was obtained by calculating absorbance at 492 nm.

4.8 Cell migration and wound healing
assay

For cell migration assay, cells (1× 105 per well) were seeded
in the upper inserts for 24 h and replaced with serum-free
RPMI-1640 in 24-well plates. The insertswere then exposed
to the lower chambers within RPMI-1640 containing 2%
FBS and 20% THP1-DMs treated CMs. RPMI-1640 contain-
ing 2%FBSwithin the bottomwasused as the control. After
12 h, the cells that migrated onto the lower surface of the
membrane were counted and analyzed using Image J soft-
ware.
As for the wound healing assay, SK-N-BE and SK-N-

SH cells were seeded in six-well plates and incubated to
reach 95% confluence. The monolayer was scratched using
a tip and washed with a serum-free medium to remove
detached cells. After that, cells were exposed to various
mediums containing 20% PBMC-DMs treated CMs and
incubated for 24, 48, and 72 h, respectively. Cell motility in
each groupwas assessed by visualizing the speed of wound
closure at intervals.

4.9 Detection of ATP content

PBMC-DMs and THP1-DMs treated as indicated were
lysed. The ATP levels were detected using an enhanced
ATP assay kit (#S0027; Beyotime, Nanjing, China), accord-
ing to the protocol provided by the manufacturer.

4.10 Chemotaxis assay of T cells

Purified CD4+ or CD8+ T cells (1 × 106 per well) were
seeded in the upper chambers of a 24-well transwell
plate (Corning, NY, USA). The THP1-DMs treated CMs
were added to the lower chambers (inserts with 0.4 mm
pore size) for 12 h. The T-cell expansion medium within
the bottom was used as the control. The chemotaxis of
CD4+ or CD8+ T cells was analyzed by counting the
number of migrated cells.

4.11 Western blot

Western blot was performed according to standard proce-
dure. The treated cells were lysedwith ice-cold RIPAbuffer
containing both protease and phosphatase inhibitors. The
cytoplasmic and nuclear extracts from cells were sep-
arated using nuclear and cytoplasmic Extraction kits
(#78833; Thermo Fisher Scientific). Protein concentra-
tions were quantified using a BCA protein assay kit
(Thermo Fisher Scientific). Primary antibodies including
anti-β-actin (#4790), anti-FABP4, anti-CD68, anti-PCNA
(#13110), anti-p21 (#2974), anti-Cyclin B1 (#12231), anti-
NF-κB/p65 (#6956), anti-Histone H3 (#4499), anti-FLAG
tag (#8146), anti-ubiquitin antibodies (#3933), and FAK
antibody sample kit (#9330) were all purchased from
cell signaling technology (Beverly, USA). Anti-March5
antibody was purchased from ProteinTech (#12213-1-AP).
Anti-human USP30 antibody was purchased from Abcam
(#ab235299). All bands were visualized by enhanced
chemiluminescence and quantified by Image J analysis
software.

4.12 RNA extraction and RT-PCR

Total RNA was obtained using an RNA extraction kit
(#RN001; ESscience, Shanghai, China) and converted
to cDNA according to the manufacturer’s instructions
(#RR036A-1; TAKARA, Japan). The relative expressions of
identified genes were performed and measured by quan-
titative real-time PCR assays (ABI Q6 System, Applied
Biosystems). All the genes were normalized to GAPDH,
and the fold change was calculated as 2–ΔΔCT compara-
tive thresholds. Specific primer sequences are shown in
Table S1.

4.13 Enzyme-linked immunosorbent
assay

PBMC-DMs and THP1-DMs were seeded in culture
medium for 24 h, thereafter exposing to various treatments



20 of 23 MIAO et al.

for 48 h. The supernatants were collected formeasurement
of the levels of IL1α and secreted FABP4 by using human
IL1α ELISA Kit (#SEA071Hu; Cloud-Clone Corp, Hubei,
China) and FABP4 ELISA Kit (#SEB693Hu; Cloud-Clone
Corp), respectively.

4.14 ChIP, IP, Co-IP, and luciferase
reporter assays

ChIP assays were performed with a Simple CHIP kit
(#66816; Cell Signaling Technology) according to the pro-
tocol provided by the manufacturer. Anti-NF-κB/p65 was
used in the ChIP assays. The products were further labeled
with Simple CHIP qPCR Master Mix (#88989; Cell Signal-
ing Technology) for quantitative real-time PCR assays to
identify the DNA region immunoprecipitated with NF-κB.
Anti-FABP4 and ATPB were used for IP and Co-IP

assays, and the immune precipitants were detected by
immunoblotting. Anti-rabbit and mouse IgG (#3900 and
#3420; Cell Signaling Technology) were used as negative
controls.
For luciferase reporter assays (#N1620; Promega, WI,

USA), firefly and Renilla Luciferase activities were exam-
ined by the Dual-Luciferase Reporter Assay System,
and the firefly activity was used to normalize Renilla
activity.

4.15 In vivo study

SK-N-SH-derived orthotopic and metastatic NB models
were generated by the left adrenal gland or tail-vein injec-
tion with SK-N-SH cells expressing inducible luciferase
reporter, respectively. The procedure was shown in Fig-
ure S4A. After irradiation (0.5 Gy), the mice were admin-
istrated clodronate liposomes (CL2MDP, Clodronate Lipo-
somes.org, LB, The Netherlands) intraperitoneally to
deplete instinct macrophages, followed by transplantation
of 5 × 106 human PBMCs. PBS liposomes were adminis-
trated as a negative control. The efficiency of macrophage
depletion was verified and described in the result sec-
tion. All the mice were randomly assigned into five groups
(n= 10 per group): no PBMC-DMs,mice transplantedwith
PBS liposomes, control PBMC-DMs, shFABP4-treated
PBMC-DMs, and FABP4-treated PBMC-DMs, respectively.
The tumor size was monitored by luciferase imaging per
week using the In-Vivo BRUKER FX PRO. Luciferase
intensity was also captured and measured. As for the
metastatic model, metastases nodes were also counted and
analyzed. Threeweeks after transplantation, themicewere
sacrificed, and tumor tissues were collected for further
pathological analysis. All the animal experiments were

approved by the Institutional Animal Care and Use Com-
mittee of Sun Yat-sen University Cancer Center.

4.16 Statistical analysis

All the Western blots, immunofluorescence, and IHC
images are representative results from at least two inde-
pendent biological replicates. Correlations between IL1α
level and FABP4 expression were analyzed with Pearson’s
correlation analysis. All bar graphs represent the mean
± SD. Statistical calculations were derived from at least
three independent experiments and analyzed by Student’s
t-test (unpaired, two-tailed) or one-way ANOVA using
GraphPad Prism 8.0.1 software (GraphPad, La Jolla, CA,
USA). The p-value< 0.05 indicated statistical significance:
*p < 0.05, **p < 0.01, ***p < 0.001.
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