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Abstract
Microenvironment contributes to follicular lymphoma (FL) pathogenesis and impacts survival with macrophages playing a
controversial role. In the present study, using FL primary samples and HK follicular dendritic cells (FDC) to mimic the
germinal center, together with mouse models, we have analyzed the three-way crosstalk of FL-FDC-macrophages and
derived therapeutic opportunities. Ex vivo primary FL-FDC co-cultures (n= 19) and in vivo mouse co-xenografts
demonstrated that FL-FDC crosstalk favors tumor growth and, via the secretion of CCL2 and CSF-1, promotes monocyte
recruitment, differentiation, and polarization towards an M2-like protumoral phenotype. Moreover, FL-M2 co-cultures
displayed enhanced angiogenesis, dissemination, and immunosuppression. Analysis of the CSF-1/CSF-1R pathway
uncovered that CSF-1 was significantly higher in serum from grade 3A FL patients, and that high CSF-1R expression in FL
biopsies correlated with grade 3A, reduced overall survival and risk of transformation. Furthermore, CSF-1R inhibition with
pexidartinib (PLX3397) preferentially affected M2-macrophage viability and polarization program disrupting FL-M2
positive crosstalk. In vivo CSF1-R inhibition caused M2 reduction and repolarization towards M1 macrophages and
antitumor effect cooperating with anti-CD20 rituximab. In summary, these results support the role of macrophages in FL
pathogenesis and indicate that CSF-1R may be a relevant prognostic factor and a novel therapeutic target cooperating with
anti-CD20 immunotherapy.

Introduction

Follicular lymphoma (FL) is the most frequent indolent
B-cell lymphoma, characterized by a variable clinical
course. Several treatments lead to remissions, but the

* Patricia Pérez-Galán
pperez@clinic.cat

1 Department of Hematology-Oncology, IDIBAPS,
Barcelona, Spain

2 Centro de Investigación Biomédica en Red-Oncología
(CIBERONC), Madrid, Spain

3 Department of Pathology, Tokai University, School of Medicine,
Isehara, Kanagawa, Japan

4 Gilead Sciences, Inc, Foster City, USA
5 Hematopathology Unit, Pathology Department, Hospital Clínic-

IDIBAPS, Barcelona, Spain

6 Department of Hematology, Hospital Clinic -IDIBAPS,
Barcelona, Spain

7 Department of Autoimmune Diseases, Hospital Clinic, University
of Barcelona, IDIBAPS, Barcelona, Spain

8 University of Barcelona, Medical School, Barcelona, Spain
9 Present address: Clinical Pharmacology and Safety Sciences,

BioPharmaceuticals R&D, AstraZeneca, Cambridge, UK
10 Present address: Garvan Institute of Medical Research,

Sydney, Australia
11 Present address: Department of Gene Regulation, Stem Cells and

Cancer Center for Genomic Regulation (CRG-PRBB),
Barcelona, Spain

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41375-
021-01201-9.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41375-021-01201-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41375-021-01201-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41375-021-01201-9&domain=pdf
http://orcid.org/0000-0003-3193-9099
http://orcid.org/0000-0003-3193-9099
http://orcid.org/0000-0003-3193-9099
http://orcid.org/0000-0003-3193-9099
http://orcid.org/0000-0003-3193-9099
http://orcid.org/0000-0002-4970-8451
http://orcid.org/0000-0002-4970-8451
http://orcid.org/0000-0002-4970-8451
http://orcid.org/0000-0002-4970-8451
http://orcid.org/0000-0002-4970-8451
http://orcid.org/0000-0002-4854-3069
http://orcid.org/0000-0002-4854-3069
http://orcid.org/0000-0002-4854-3069
http://orcid.org/0000-0002-4854-3069
http://orcid.org/0000-0002-4854-3069
http://orcid.org/0000-0003-0385-3415
http://orcid.org/0000-0003-0385-3415
http://orcid.org/0000-0003-0385-3415
http://orcid.org/0000-0003-0385-3415
http://orcid.org/0000-0003-0385-3415
http://orcid.org/0000-0001-9850-9793
http://orcid.org/0000-0001-9850-9793
http://orcid.org/0000-0001-9850-9793
http://orcid.org/0000-0001-9850-9793
http://orcid.org/0000-0001-9850-9793
http://orcid.org/0000-0001-7486-8484
http://orcid.org/0000-0001-7486-8484
http://orcid.org/0000-0001-7486-8484
http://orcid.org/0000-0001-7486-8484
http://orcid.org/0000-0001-7486-8484
http://orcid.org/0000-0003-3895-5024
http://orcid.org/0000-0003-3895-5024
http://orcid.org/0000-0003-3895-5024
http://orcid.org/0000-0003-3895-5024
http://orcid.org/0000-0003-3895-5024
mailto:pperez@clinic.cat
https://doi.org/10.1038/s41375-021-01201-9
https://doi.org/10.1038/s41375-021-01201-9


disease will eventually return, thus FL is still considered
incurable [1]. FL arises from germinal center (GC) B cells
that retain most of the phenotypic and functional features
of the normal counterparts and a follicular organization
reminiscent of GC supported by follicular dendritic cells
(FDC) and T follicular helper (TFH) cells [2].

Next generation sequencing studies have deciphered
the FL mutational landscape, highlighting the prominent
relevance of genetic alterations affecting histone-
modifying enzymes present in almost every FL patient
[3]. In addition to these intrinsic abnormalities, the
crosstalk between neoplastic B cells and non-neoplastic
immune and stromal cells in the microenvironment
plays an important role in disease severity, transforma-
tion, clinical outcome, and response to therapy [4, 5].
The first seminal paper by Dave et al. [6] found that
immune signatures showed prognostic value. Subsequent
immunohistochemical studies tried to transfer these
findings into the clinical laboratory by associating the
cellular composition of the microenvironment and its
spatial distribution with the progression of the dis-
ease [7]. In this regard, the contribution of monocytes
and macrophages to FL pathogenesis and the possible
identification of suitable biomarkers with the potential to
stratify FL patients remains a matter of debate [8–10].
This is likely due to the inherent complexity and plasti-
city of these cells subjected to microenvironmental
cues that dictate their phenotype and function [11].
Despite these controversies in FL, it is remarkable
that in other hematologic neoplasia such as Hodgkin
lymphoma [12], and many solid tumors [13], macro-
phages have been linked to disease onset and/or pro-
gression. This observation sparked an interest to
therapeutically target these plastic innate immune
cells [14].

Blockade of colony-stimulating factor-1 (CSF-1) or its
receptor CSF-1R represents a selective approach to
manipulate macrophages in cancer patients [15] and some
studies have explored this new therapeutic axis in some
hematologic malignancies [16–19].

Here, we have analyzed the dynamic interaction
between FL and its myeloid microenvironment. Using
primary FL-FDC co-cultures to mimic the GC ex vivo
and in vivo, we have demonstrated that FL-FDC niche
orchestrates the recruitment and differentiation of
monocyte to macrophages and their polarization into M2-
like tumor associated macrophages (TAMs), which sup-
port FL survival, angiogenesis, and dissemination. In
addition, we have found a dual role for CSF-1R as a
prognostic marker and therapeutic target with the poten-
tial to increase the therapeutic benefit of standard
immunotherapy.

Methods

FL microenvironment models

FL-FDC co-cultures were established with HK cells, a non-
immortalized FDC cell line generated from normal tonsils
which was kindly provided by Dr. Yong Sung Choi [20] at
a 1:20 ratio (HK:FL), as previously described [21]. This cell
line has been widely used to mimic lymphoma - LN stroma
interaction [22–24].

FL-macrophage co-cultures were established at a 1:4
ratio (Mϕ:FL). Macrophages were derived from periph-
eral blood mononuclear cells (PBMCs) of healthy donors
(Banc de Sang i Teixits, Barcelona). Blood samples were
enriched in the monocyte population using RosetteSep
(Human monocyte enrichment cocktail) (STEMCELL
Technologies, Grenoble, France) and then cultured for
7 days with 100 ng/mL CSF-1 (Thermo Fisher Scientific,
Waltham, MA, USA). When specified, differentiated
macrophages were polarized to M1 (20 ng/mL IFNγ
(Gibco, Thermo Fisher Scientific)+ 100 ng/mL LPS
(Sigma-Aldrich, St. Louis, MO)) or M2 (20 ng/mL IL4
(PeproTech, Rocky Hill, NJ)) for 24 h.

Monocyte–macrophage differentiation and
polarization analysis

Monocyte differentiation induced by FL was assessed co-
culturing FL cell lines or primary cells (5 × 106 cells/well)
with monocytes from healthy donors at a 1:4 ratio (Mϕ:FL)
for 7 days in standard six-well plates. The percentage of
attached macrophages (CD11b+ cells) was analyzed by
flow cytometry and related to the positive control of dif-
ferentiation (monocytes+CSF-1). LIVE/DEAD™ Fixable
Aqua (Thermo Fisher Scientific) was used as a viability
probe. To evaluate macrophage polarization, the expression
of CD86 (M1-marker) and CD163 (M2-marker) was then
analyzed in attached live macrophages (CD11b+, Aqua-)
by flow cytometry as described in supplemental methods. In
another set of experiments, monocyte differentiation was
analyzed by imaging and co-culturing FL primary cells with
monocytes labeled with CellTrace™ Far Red (Thermo
Fisher Scientific). The number of attached macrophages
(FarRed+) was analyzed by cell counting using Cytation™
1 Cell Imaging Multi-Mode Reader (BioTek).

Detailed description of additional methods is included in
supplementary material. These materials include, in vivo
studies, gene expression profiling and bioinformatic analy-
sis, flow cytometry, cytokine secretion assessment, HUVEC
tube formation, adhesion to ECM, invasion, and migration
assays, immunohistochemistry performance /quantification,
and statistical analysis.
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Results

FL-FDC crosstalk induces monocyte recruitment and
their differentiation towards M2-like macrophages,
favoring FL tumor growth

We first acknowledged that supernatants of FL-FDC co-
cultures were enriched in the monocyte chemo attractant
CCL2, and in the pivotal cytokine for monocyte activation
and differentiation CSF-1, compared to the supernatants of
FL or HK cells in monoculture (Fig. 1A). Accordingly, FL-
HK co-culture supernatants recruited a significantly higher
number of monocytes than monoculture supernatants
(Fig. 1B, upper panel). Moreover, HK cells support primary
FL patient cell viability in agreement with our previous
results in FL [21] and other lymphomas [22–24] (Fig. S1A).
Similar results were found in FL-monocytes co-cultures,
supporting the notion of a three-way positive crosstalk
(Fig. S1B).

We next sought to determine whether FL might promote
monocyte–macrophage differentiation. Monocytes from
healthy donors were then put in direct contact with FL cell
lines (FL-CL) and primary cells from FL patients (FL). Of
note, a significant number of monocytes differentiated into
macrophages in these co-cultures, and more prominently
when primary FL cells were used (Fig. 1B lower panel and
Fig. S1C). Using M1 and M2-polarized macrophages as
internal controls, we determined that FL polarizes macro-
phages towards M2-like macrophages, as they showed
higher CD163 than CD86 surface expression (Fig. 1C).

We next validated in vivo these in vitro results using an
FL-HK co-xenograft generated with two different FL cell
lines (RL and WSU-FSCCL). The histological evaluation of
the tumors showed a subcutaneous mass comprised of
medium and large lymphocytes, which a diffuse distribution
pattern with some areas vaguely nodular and a variable
presence of cells with macrophage and (follicular) dendritic
shape. In some areas the tissue had undergone necrosis but
most of the areas were viable. The lymphocytes were of
medium and large size, with slightly irregular nuclear
membrane and small nucleoli, and homogeneously positive
for B-cell markers such as CD20 (RL) or the germinal
center marker of CD10 (WSU-FSCCL). When comparing
tumors with or without FDC cells, we observed that FDC
HK cells support lymphomagenesis as indicated by the
increase in the tumor size of FL-HK tumors compared to FL
cell lines alone (Figs. 1D and S1D), in agreement with
previous results in other GC lymphomas [22]. Likewise, the
percentage of positive cells for the proliferation marker pH3
(Fig. S1E) was higher in FL-HK tumors.

It is noteworthy that the FL-HK tumors were sig-
nificantly more infiltrated with mouse macrophages than FL
tumors, identified with the pan-macrophage marker F4/80

(Fig. 1E). In these tumors, the macrophages not only
increased in number but also in shape acquiring a dendritic
form-like shape. Supporting our in vitro results, the vast
majority of these infiltrated macrophages expressed the
mouse M2-marker CD206, while a minor proportion
expressed the mouse M1-marker iNOS (Fig. 1E), both
markers commonly used in mouse models [25].

In summary, FL-HK niche favors tumor growth and
monocyte/macrophage recruitment and their polarization
towards a clear M2-like protumoral phenotype.

M2 macrophages shape FL cancer hallmarks

We next explored if macrophage infiltration was a hall-
mark of FL, and we compared by CIBERSORT [26]
(detailed information in supplemental methods) the pre-
sence of several immune populations in normal tonsils
(NTS) and follicular lymphoma lymph nodes (FL-LN),
using publicly available data. FL-LNs were enriched in
T cells and M1 and M2 macrophages compared to NTS
and more prominently M2 than M1 (Fig. S2A). To
characterize how M2-contribute to FL tumorigenesis, we
established ex vivo co-cultures of primary FL patients’
cells from LN biopsies with M2 macrophages generated
from monocytes of healthy donors. FL-M2 co-cultures
significantly (p= 0.0002) increased the viability of FL
cells (Fig. S2B). GEP of purified B cells from FL-M2 co-
cultures indicated that M2 significantly modified the
FL transcriptome. A total of 177 mRNAs were upregu-
lated in FL cells co-cultured with M2 macrophages
(fold change (FC) > 2 and p < 0.05). These genes belong
to fundamental biological cancer pathways as cell pro-
liferation, movement, adhesion, cytokine signaling,
and immune response (Fig. S2C). Gene set enrichment
analysis (GSEA) of the whole expression data set of FL-
M2 co-cultures vs FL monocultures uncovered a
striking enrichment of genes related to angiogenesis,
integrin pathways, leukocyte migration, and cytokine-
receptor interaction among others (Table S2). Enrichment
plots and heatmaps of the corresponding leading edges
of representative upregulated pathways that illustrate
these gene expression changes in FL cells produced by
M2 macrophages are shown in Figs. S2D and 2. A
complete list of enriched gene sets is provided in
Table S3.

Next, we validated these results at a functional level,
focusing on two relevant processes in lymphoma, such as
angiogenesis and cell dissemination, that includes the steps
of adhesion and invasion.

We first assessed the presence of proangiogenic factors
in the supernatants of FL-M2 co-cultures and found a
significant enrichment of VEGF-A and angiogenin. These
supernatants were then used in a tube formation assay
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with HUVEC and showed that those from FL-M2 co-
cultures significantly increased the number of nodes and
junctions compared to those from FL monocultures
(Fig. 3A).

Furthermore, M2 macrophages increased the expression
of a set of integrins (Fig. 2) that was validated at protein
level by flow cytometry for ITGB1 (CD29) and ITGB2

(CD18) (Fig. 3B). Of note, CD18 has been related to
advanced stages in NHL [27]. ITGB1 (CD29) together with
ITGA4 (CD49d) integrates the lymphocyte homing receptor
VLA-4 with affinity for VCAM and Fibronectin (FN). In
accordance, those FL cells from FL-M2 co-cultures exhib-
ited superior adhesion capacities to these extracellular
matrix components (Fig. 3B).
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Adhesion represents a precedent step for cell migration/
invasion onset [28]. GSEA analysis revealed that M2 mac-
rophages induced an enrichment in FL cells of gene sets
related to the dissemination process, including several rela-
ted to migration (ie, chemokines and chemokine receptors,
chemokine signaling, and leukocyte chemotaxis) or invasion
(epithelial mesenchymal transition; Tables S2 and S3). We
validated by ELISA the increased secretion of CXCL12/
SDF-1 and MMP9 (Figs. 3C and S3), mirroring GEP data.
Likewise, an invasion assay using Matrigel coated inserts,
proved that those FL cells that had been in contact with M2
macrophages exhibited higher invasion capacities (Fig. 3C).

In addition, our results indicate that M2 macrophages
induced an enrichment in FL cells of cytokines and che-
mokines that may attract other immunes populations,
reshaping the lymphoma niche, such as CCL2 and CCL3
and IL-8 (Fig. S3), which may facilitate the recruitment of
monocytes and neutrophils [29–31]. Moreover, the levels of
immunosuppressive cytokines IL-10 and IL-8 were promi-
nent in these co-cultures, together with the chemokine
CCL18, with demonstrated pro-metastatic properties [32]
(Fig. S3).

Altogether, these results illustrate the power of infiltrat-
ing M2 macrophages to increase angiogenesis, dissemina-
tion, and immunosuppression in the FL niche.

Macrophage depletion hampers the outgrowth of
FL-HK tumors and reduces FL dissemination

In order to demonstrate the implication of macrophages in
FL pathogenesis and its possible relevance s targets for FL

therapy, we chose to deplete them in vivo using liposomal
clodronate, a commonly used approach [33], and evaluate its
impact on tumor growth and dissemination. Using the same
model as in Fig. 1 (FL-HK co-xenograft), we demonstrated
that macrophage depletion implies an almost complete
inhibition of tumor growth (Figs. 4A, B and S4A). IHC
analysis of tumor sections (Fig. 4C) confirmed complete
macrophage depletion (F4/80+), and a significant reduction
of mitotic index indicated by a complete reduction of pH3+

cells, a hallmark of active cell proliferation [34]. In addition,
clodronate-treated tumors appeared scarcely vascularized
(Fig. S4A) with low PECAM-1 staining (Fig. 4C), sup-
porting the role of macrophages in the angiogenic process.

To assess the effect of macrophages on FL dissemina-
tion, we used a systemic mouse model where FL cells
(WSU-FSCCL-Luc) were intravenously inoculated
(Fig. S4B). At the endpoint, the control liposome group
showed systemic disease, with spleen, brain, and BM
infiltration in agreement with previous results [35]. Mice
treated with clodronate liposomes showed a significant
reduction of tumor load and dissemination to BM and brain
as quantified by bioluminescence (Fig. S4B; p= 0.002
control vs clodronate (day 26)). Similarly, spleen size
decreased in clodronate-treated mice (Fig. S4C, p < 0.001)
mostly caused by a reduced FL cell infiltration (CD10+)
together with macrophage depletion (F4/80+; Fig. S4C).

Thus, macrophages contribute to FL tumor growth and
dissemination, suggesting that these immune cells may con-
stitute new targets to modulate FL microenvironment support.

CSF-1R expression in FL is associated with reduced
overall survival and histological transformation

As we have shown above, CSF-1 increased in FL-FDC co-
cultures (Fig. 1B) and may contribute to monocyte
recruitment and differentiation in the FL-LN micro-
environment. As CSF-1/CSF-1R pathway is fundamental
monocyte/macrophage differentiation and activation [36],
we next study its possible relevance in FL pathogenesis and
derived therapeutic opportunities.

We first queried publically available databases for the
expression of CSF1-R and its ligand CSF-1 in FL-LN and
normal tonsils (NTS). Both CSF1 and CSF1R expression were
overrepresented in FL-LN compared to NTS (Fig. 5A). The
specificity and sensitivity of these genes to identify the FL-LN
group was calculated by a ROC curve (Fig. S5A). Next, we
quantified CSF-1 expression in serum from FL patients (n=
17, Table S1) by ELISA and CSF-1R by IHC in a series of FL
patient samples from our institution (n= 78, Table 1). We
found that CSF-1 expression was significantly enriched in
serum from grade 3A FL patients (Fig. 5B). Likewise, CSF-
1R expression was variable among FL patient biopsies and
was detected both in the follicular and interfollicular areas

Fig. 1 Follicular lymphoma induces monocyte recruitment, dif-
ferentiation, and polarization to M2-like phenotype, increasing
in vivo tumorigenicity. A CCL2 and CSF-1 secretion evaluated by
ELISA in culture supernatants (SUPS) from primary FL or HK cells in
monoculture and FL+HK co-cultures (48 h, n= 5). B Monocyte
migration (n= 5) towards culture supernatants referred to FL mono-
culture supernatant (upper panel). Monocyte differentiation induced by
FL was assessed co-culturing FL cell lines (FL-CL; n= 4) or primary
cells (FL; n= 8) with monocytes for 7 days. Number of attached
macrophages was analyzed by flow cytometry and related to the
positive control of differentiation (Monocytes+CSF-1; lower panel).
C CD86 (M1-marker) and CD163 (M2-marker) expression of attached
macrophages at day 7 was analyzed by flow cytometry. D FL-HK
mouse model was generated by subcutaneous inoculation of the FL
cell lines WSU-FSCCL or RL with/without the FDC cell line HK in
SCID mice (n= 8 mice per group). Graphs show tumor growth curves
over time (left) and weights at the endpoint where mean ± SEM are
plotted. E FFPE sections from representative FL and FL+HK tumors
at the endpoint were stained with the pan-macrophage marker F4/80,
the M2-marker CD206, and the M1-marker iNOS (magnification
×200). Representative images are shown (left panel). Quantification
was done in the scanned slides using ImageJ software (right panel).
Statistical significance was assessed using paired t test,
Mann–Whitney test and the multiple t-Tests (Holm–Sidak method) for
differences in tumor growth over time. Bars represent the SD except
for D, representing SEM.
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being more intense in the latter (Fig. 5C). In agreement with
CSF-1 results, the expression of CSF-1R was higher in grade
3A compared to grade 1 and 2 FL cases, both in follicular and
interfollicular areas (Fig. S5B and Table 1). Finally, we
explored the association of CSF-1R with clinical variables.
Interestingly, we found a correlation of high CSF-1R expres-
sion with reduced OS and risk of transformation, both in
follicular (cut-off= 8.335) and interfollicular (cut-off=
21.379) areas (Fig. 5D and Table 1). A correlation of CSF-1R
with PFS (Fig. S5C), ECOG performance status and spleen
involvement was found just for follicular CSF-1R expression
(Table 1).

In summary, we have identified a for the first time a cor-
relation between CSF-1R macrophage expression with FL
grade 3A, reduced OS and risk of transformation, justifying
the possibility to modulate macrophage activity in FL, and
highlighting CSF-1R pathway as a new target for therapy.

CSF-1R blockade reprograms M2 to M1
macrophages and disrupts FL-M2 macrophages
crosstalk

We first determined the expression of CSF-1R by flow
cytometry in M1 and M2 macrophages generated from
PBMC of healthy donors. CSF-1R was detected both
intracellular and on the surface of M1 and M2 macro-
phages, although it was more prominent in M2 macro-
phages, which also expressed a higher proportion of CSF-
1R in their plasma membrane (Fig. S6A). We next
assessed the effect of the CSF-1R inhibitor PLX3397
(pexidartinib). This inhibitor blocks the tyrosine kinase
activity of the receptor with significant selectivity over
other kinases at the doses used (50 nM). PLX3397 is
being tested in clinical trials for several types of cancer
including a number of hematologic malignancies [37].

Fig. 2 M2 macrophages induce
up-regulation of gene sets
related to migration, invasion,
and angiogenesis in FL patient
samples. Primary FL cells (n=
5) were co-cultured (48 h) with
M2 macrophages at 4:1 ratio,
generated from peripheral blood
monocytes of healthy donors
(100 ng/mL CSF-1, 1 week).
Purified B cells were then
subjected to GEP. Data mining
analysis was done with GSEA
software (FDR < 0.05, NES >
1.5). Representative heatmaps of
adhesion, invasion,
angiogenesis, and cytokine
secretion gene sets are shown.
The leading edge of each gene
set is displayed in a heat map.
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CSF-1R inhibition by PLX3397 totally impedes
the differentiation of monocytes to macrophages
(Fig. S6B). PLX3397 did not affect M1 macrophages
but significantly reduced the viability of M2 macro-
phages (Fig. S6C) and likewise interfered with the
adhesion process preferentially of M2 macrophages
(Fig. 6A). In this regard we observed that M1

macrophages (dim CD11b, CD18, CD49d, and CD29)
exhibited a different integrin profile than M2 macro-
phages (high CD11b, CD18, CD49, and CD29) and
that PLX3397 reverted this profile towards an “M1-like”
phenotype (Fig. 6B). Interestingly PLX3397 also
decreased CSF-1R expression in M2 macrophages.
These results led us to examine the effect of PLX3397

Fig. 3 M2 macrophages increases FL cells angiogenesis, adhesion,
invasion, and related cytokine secretion. A VEGF-A and angiogenin
were quantified in supernatants (SUPS) from FL monocultures and FL-
M2 co-cultures (48 h; left panels). Those supernatants were also used
in a HUVEC tube formation assay (right panels). The number of nodes
and junctions per field were obtained using ImageJ software with
Angiogenesis Analyzer plugin. The data is representative of 3 FL
patients. B Surface expression of CD29 (Integrin beta-1, ITGB1) and

CD18 (Integrin beta-2, ITGB2) was analyzed by flow cytometry in FL
primary samples (n= 7) after 48 h of culture with or without M2 (left
panels). FL cells from FL monocultures or FL-M2 co-cultures (48 h)
were subjected to an adhesion assay to VCAM or Fibronectin (FN)
(n= 5) (right panel). C MMP9 vas quantified in supernatants (SUPS)
from FL monocultures or FL-M2 co-cultures (n= 5) and the corre-
sponding FL cells were recovered and subjected to an invasion assay
for 24 h.

The receptor of the colony-stimulating factor-1 (CSF-1R) is a novel prognostic factor and therapeutic. . . 2641



on the polarization state of both M1 and M2 macro-
phages, by means of the flow cytometry surface markers
CD86 and CD163. CSF-1R inhibition significantly
decreased CD163 expression and increased CD86
of M2 macrophages, while their expression remained

unchanged in M1 macrophages (Fig. 6C). Likewise,
the expression of M2-like genes (PPARG, TGFB,
and MRC1) decreased and M1-like (CCL5, CCR7,
and CXCL11) increased in PLX3397-treated M2
macrophages.

Fig. 4 Macrophage depletion hampers the outgrowth of FL-HK
tumors. A WSU-FSCCL+HK co-xenografts were randomized by
weight into two groups (n= 9–10 mice per group). At day 14 each
group received an intratumoral injection of 100 mL/kg clodronate
liposomes or an equal volume of control empty liposomes, 2 days per
week, during 14 days. Graph shows tumor growth curves over time
where mean ± SEM are plotted. Statistical significance was assessed
by the multiple t-Tests (Holm–Sidak method). B Tumors were excised

and weighed at the endpoint (day 27). C FFPE sections from tumors of
both groups at the endpoint were probed for the GC-B-cell marker
CD10, the proliferation marker pH3, the pan-macrophage marker F4/
80 and the microvessel marker PECAM/CD31 (magnification ×200).
Representative images are shown (left panel). Quantification was done
in the scanned slides using ImageJ software (right panel). Statistical
differences between groups were assessed by Mann–Whitney test.
Bars represent the SD.
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Of note, CSF-1R inhibition hampered FL-M2 positive
crosstalk whereas it did not affect the viability of lym-
phoma cells in monoculture (Figs. 6D and S6E). Inter-
estingly, supernatants from PLX3397-treated M2
macrophages showed inferior pro-survival power than
untreated ones on WSU-FSCCL cells (Fig. S6D). The
analysis of co-culture supernatants revealed that
PLX3397 depleted CSF-1 and reduced IL-10 secretion
(Fig. 6E) whereas IL-34 (the alternative CSF-1R ligand)
remained unaffected (Fig. S6F).

In summary, CSF-1R inhibition preferentially affects
M2-macrophage viability and polarization program and
disrupts FL-M2 positive crosstalk.

CSF-1R inhibition and rituximab cooperate in vivo by
hampering tumor outgrowth, limiting macrophage
infiltration, and promoting M2-M1 reprogramming

We next sought to determine if anti-CSF-1R therapy could
increase the efficacy of standard lymphoma immunotherapy
(anti-CD20 rituximab). To achieve this aim, we set up an
in vivo experiment using the RL cell line sensitive to
rituximab [38] in the co-xenograft model of RL-HK
described in Fig. 1D. Mice treated with the single agents
showed a significant reduction of tumor size assessed by
bioluminescence, tumor volume (p < 0.001 control vs
PLX3397; p < 0.001 control vs rituximab at endpoint;

Fig. 5 CSF-1/CSF1-R
expression correlates with
grade and impacts overall
survival of FL patients. A
Expression of CSF1 and CSF1R
in FL-LN (n= 362) compared to
normal tonsils (NTS; n= 75)
according to GEP public
databases. Mann–Whitney test.
B Concentration of CSF-1
protein evaluated by ELISA in
serum of grade 1 & 2 (n= 11)
and grade 3A (n= 6) FL
patients. Mann–Whitney test.
C IHC analysis of CSF-1R
expression was performed in
FFPE biopsies of FL patients
(n= 78; grade 1–2 (n= 56)
grade 3A (n= 22).
Representative images of FL
cases with high and low CSF-1R
expression are shown at low
(×40) and high (×200)
magnification of both follicular
(FOL) and interfollicular (IFOL)
areas. D Kaplan–Meier plot of
overall survival of FL patients
grouped on the basis of CSF-1R
expression (n= 78). MaxStat
software was used to determine
the cut-off value producing the
maximum score in log-rank test.
Cut-off values were 8.335
for follicular compartment
and 21.379 for interfollicular.
P-value was obtained from the
overall log-rank test.
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Fig. 7A) and tumor weight (p < 0.01 control vs PLX3397;
p < 0.01 control vs rituximab; Fig. S7A). The significant
activity of PLX3397 in monotherapy agrees results obtained
in depletion experiments with clodronate liposomes shown
above (Figs. 4 and S4) and supported the prominent role of
macrophages in FL. Furthermore, the combination of both
agents completely stopped tumor growth when comparing
the endpoint (day 30) with the day of treatment initiation
(day 16), significantly increasing single agent activity (p <
0.05 rituximab vs rituximab+PLX3397; p < 0.001
PLX3397 vs rituximab+PLX3397; Figs. 7A and S7A). IHC
analysis of the GC marker CD10 or CD20 to identify the
RL cells confirms the depletion of tumor cells (Figs. 7B
and S7C). Analysis of the proliferation marker pH3 of
tumor sections by IHC confirmed the cooperation between
both agents (Fig. 7B). Moreover, analysis of active caspase-
3 indicated that both agents engage significant apoptosis
that was further increased by the combination. Macrophages
decreased with all treatments (F4/80+, Fig. 7B) and more
importantly, the combination favored the M1-polarization

of remaining infiltrating macrophages, as indicated by an
increase in the M1-marker iNOS and a decrease in the M2-
marker CD206 (Figs. 7B and S7B).

In summary, targeting the CSF-1R axis cooperates with
rituximab in terms of inhibition of tumor growth, B-cell
depletion, and M2 macrophage infiltration.

Discussion

FL arises from developmentally blocked GC-B cells that
retain phenotypic and functional features of normal coun-
terparts and a follicular organization reminiscent of GC [2].
Microarray analysis of FL tumor biopsies at diagnosis
demonstrated that the clinical behavior of FL might be
associated with the GEP of non-malignant cells in the
tumors rather than from malignant B cells. Thus, an
immune response enriched in genes expressed in macro-
phages and/or FDC was related with worse outcome [6].
Based on these results, we were interested in characterizing

Table 1 Clinical features of FL
patients tested for CSF-1R
expression and association of
CSF-1R with clinical variables.

Characteristics All patients
n= 78

CSF1R

Follicular expression Interfollicular expression

Low High P value Low High P value

n= 65 (%) n= 13 (%) n= 65 (%) n= 13 (%)

Age > 60 years,
n (%)

25 20 (31) 5 (38) NS 22 (34) 3 (23%) NS

Sex (M/F) 32/46 27/38 5/8 NS 26/39 6/7 NS

Histological grade, n (%)

Grade 1–2 56 50 (77) 6 (46) – 50 (77) 6 (46) –

Grade 3A 22 15 (23) 7 (54) 0.04 15 (23) 7 (54) 0.04

B symptoms, n (%) 13 10 (15) 3 (23) NS 9 (14) 4 (31) NS

ECOG ≥ 2, n (%) 6 3 (5) 3 (23) 0.05 4 (6) 2 (15) NS

Bulky disease, n (%) 24 20 (31) 4 (31) NS 17 (26) 7 (54) NS

Stage III-IV disease,
n (%)

48 38 (58) 10 (77) NS 38 (54) 10 (77) NS

Spleen involvement,
n (%)

17 11 (17) 6 (46) 0.03 14 (22) 3 (23) NS

Hemoglobin
<12 gr/L, n (%)

14/75 10 (15) 4 (31) NS 11 (17) 3 (23) NS

High serum LDH,
n (%)

20/74 17 (26) 3 (23) NS 16 (25) 4 (31) NS

High serum B2m,
n (%)

38/73 29 (45) 9 (69) NS 31 (48) 7 (54) NS

High risk FLIPI,
n (%)

21/75 15 (23) 6 (46) NS 16 (25) 5 (38) NS

Histological
transformation, n (%)

5 2 (3) 3 (23) 0.0078 2 (3) 3 (23) 0.0025

ECOG Eastern Cooperative Oncology Group, FLIPI Follicular Lymphoma International Prognostic Index.
Statistically significant p-values are in bold.

Cut-off follicular expression CSF1R: 8.335.

Cut-off interfollicular expression CSF1R: 21.379.
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the three-way crosstalk of FL-FDC-macrophages with the
aim of disrupting this protumoral crosstalk for therapeutic
purposes. We have established primary FL-FDC co-cultures
using FL samples mostly from LN biopsies (composed
mainly by tumor B cells and several T subpopulations
including TFH, regulatory, and cytotoxic T cells) and sup-
portive FDC (HK cell line) generated from tonsils of normal
donors previously used to mimic de GC [22] and promote

B-cell survival [23]. Using this primary co-culture model,
we previously reported that FL-FDC crosstalk shapes key
lymphoma features including adhesion, dissemination,
angiogenesis, and ECM remodeling, among others [21, 39].
In the present study, we have discovered that FL-FDC
crosstalk favors tumor growth onset, and through the
secretion of CCL2, as previously reported in FL BM
microenvironment [40], and CSF-1 induces the recruitment

Fig. 6 CSF-1R blockade with PLX3397 inhibits M2 macrophage
adhesion and reprograms M2 macrophages to M1, disrupting
crosstalk between FL cells and M2 macrophages. A M0 macro-
phages were detached and pre-treated for 1 h with 50 nM PLX3397,
then seeded for 24 h in the presence of CSF-1 + IFNγ+ LPS in the
case of M1 macrophages or CSF-1+ IL4 for M2 macrophages.
Attached macrophages were stained with Hoechst 33342 and quan-
tified by Image J. B CSF-1R and integrin expression profile of M1 and
M2 macrophages after PLX3397 (50 nM, 48 h) treatment. C M1 and

M2 selected markers were analyzed by flow cytometry (CD86 and
CD163) and RT-qPCR (PPARG, TGFB, MRC1, CCL5, CCR7, and
CXCL11) in M2 macrophages treated or not with PLX3397 (50 nM,
48 h). D Primary tumor cells from FL patients (n= 4) were treated
with PLX3397 (50 nM, 48 h) in co-culture or not with M2 macro-
phages (CSF-1+ IL4). Total number of live (LIVE/DEAD Aqua−)
CD20+ cells is shown. E Concentration of CSF-1 and IL-10 deter-
mined by ELISA in supernatants from 6F. Statistical significance was
assessed using paired t test or Mann–Whitney test.

The receptor of the colony-stimulating factor-1 (CSF-1R) is a novel prognostic factor and therapeutic. . . 2645



of monocytes and their differentiation-polarization towards
a clear M2-like protumoral phenotype, both in vitro
(CD163high CD86low) and in vivo (CD206high iNOSlow),
cooperating in providing long-term protumoral support.
Moreover, and despite the known limitations of FL cell
lines, we have been able to validate these in vitro findings
with primary FL cells, in mouse co-xenografts of FL cell
lines and HK cells.

Macrophages participate in tumor initiation as a part of
anti-inflammatory response and are immune activated in
this scenario [41]. However, once tumors are established,
those macrophages are educated to become protumoral,
expressing characteristic surface molecules, such as the
hemoglobin scavenger receptor CD163 and macrophage
mannose receptor 1 (also known as CD206) [42] as we have
confirmed in our in vitro and in vivo systems (Fig. 1). These

Fig. 7 Rituximab and PLX3397 combined treatment hampers
in vivo tumor outgrowth. RL (luciferase)-FDC co-xenografts were
randomized when tumor volumes reached 200 mm3 (n= 6 mice per
group) and treatments started (day 16). Mice were treated with
PLX3397 or vehicle (50 mg/kg, po), in a 5-on 2-off schedule and/or
Rituximab (20-10-10 mg/kg ip) once a week till the endpoint (day 31).
A Bioluminescence images of the four treatment groups at days 18 and
28 (left). Graph shows tumor growth curves over time where mean ±
SEM are plotted (right). Statistical significance was assessed by the

multiple t-Tests (Holm–Sidak method). B FFPE sections from repre-
sentative tumors of the four groups were stained with the GC marker
CD10, the proliferation maker pH3 and the apoptosis marker active
caspase-3 together with the pan-macrophage marker F4/80, the M2-
marker CD206, and the M1-marker iNOS (magnification ×200).
Representative images are shown (left panel). Quantification was done
using ImageJ software (right panel). Statistical differences between
groups were assessed by Mann–Whitney t test. Bars represent the SD.
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TAMs demonstrate properties related to stimulation of
angiogenesis, suppression of adaptive immunity, and pro-
motion of cancer growth and metastasis [43]. Using co-
cultures of primary FL cells and in vitro generated M2
macrophages, we have been able to recapitulate these
paradigmatic hallmarks in FL [44], validated by tran-
scriptomic and functional studies. Co-culture supernatants
were dramatically enriched in proangiogenic factors (VEGF
and angiogenin), chemo attractants of monocytes and neu-
trophils (CCL2, CLL3 and IL-8), and factors promoting cell
dissemination to distant sites (CXCL12, CCL18, and
MMP9). These results prompted us to explore the effect of
macrophage depletion and reprogramming in FL patho-
genesis. Depletion experiments with liposomal clodronate
impaired tumor growth (>90% of reduction in tumor size) in
heterotypic models with subcutaneous FL-HK tumor, and
hampered dissemination in a systemic FL model. Similar
results were shown in studies done in CLL transplantation
systems in immune-suppressed mice or using the TCL-1
transgenic mice [17, 45]. Thus, our results represent the first
proof of concept to consider macrophages as targets for
therapy in FL.

Nevertheless, the prominent results obtained with clo-
dronate, should be interpreted with caution, as macrophage
depletion may not be the best approach. Macrophages have
dual roles in cancer depending on the specific scenario, and
show antitumor functions in some therapeutic settings, such
as in antibody therapy via ADCC and ADCP [46] or in
drug-induced immunogenic cell death [47]. Consistent with
these observations, although high TAM density has been
associated with an unfavorable prognosis in FL [48], high
TAM infiltration was associated with a favorable outcome
in patients treated with rituximab-containing regimens [9].
Hence, for therapeutic purposes in a tumor scenario, mac-
rophages must be retuned, not totally depleted as happens
with clodronate liposomes (Figs. 4 and S4). With this idea
in mind, we explored the CSF-1/CSF-1R pathway in FL.
CSF-1 is a monocyte attractant as well as a macrophage
survival and polarization factor that drives TAM differ-
entiation towards an immunosuppressive, tumor promoting
‘M2-like’ phenotype. CSF-1R is exclusively expressed by
cells of the monocytic lineage and, therefore, the CSF-1/
CSF-1R axis has been extensively investigated in tumor
models and is paradigmatic of the TAM-cancer cell inter-
action [49, 50].

We first acknowledged that the mRNA expression of
both the ligand and the receptor were enriched in FL-LN
compared to normal tonsils. Additionally, we found
increased levels of CSF-1 in the serum of grade 3A FL
patients. Although the number of patient serum available
was low (n= 17), these results are meaningful because they
are concordant with those reported in CLL, where CSF1
transcripts are significantly more abundant in progressive

CLL patients [51]. Likewise, overexpression of CSF-1 is
associated with poor prognosis in breast, ovarian, endo-
metrial, prostate, and hepatocellular [52–54]. Importantly,
the frequency of both follicular and interfollicular CSF-1R+

TAMs correlate with reduced OS, similar to results found in
HL using the same CSF-1R antibody [55], grade 3A and
risk of transformation, in FL patients homogenously treated
with R-CHOP at our institution. These novel results, if
confirmed in independent FL patient cohorts, may have
implications in upfront treatment decisions and patient
stratification.

Regarding CSF-1R/CSF-1 axis as a target for therapy,
we have demonstrated that CSF-1R inhibition by PLX3397
affected more M2 than M1 macrophages, and induces their
repolarization towards an M1-like phenotype, in accord
with published results in glioma [56, 57]. More importantly,
CSF-1R inhibition disrupted M2-derived pro-survival
crosstalk in FL cells and reduced the immunosuppressive
factors CSF-1 and IL-10, conforming a less permissive
microenvironment. Interestingly, these results were per-
fectly in vivo transferable, where CSF-1R inhibition alone
was sufficient to cause a significant reduction (40%) of
tumor growth. This is interesting as in other tumor models,
such as breast cancer [58], the sole inhibition of CSF-1R
does not translate into antitumor activity but cooperates
with cytotoxic agents. In our model CSF-1R inhibition also
cooperates with standard antibody therapy anti-CD20,
hampering tumor growth. As depicted in Fig. 7, the volume
of tumors treated with the combination remained constant
(~200 mm3) from the initiation of treatment onwards,
arguing for a stabilization of the disease.

In conclusion, our results support the role of M2 mac-
rophages in FL pathogenesis and suggest that therapies
manipulating FL-M2 crosstalk may be a new strategy for
those patients with high macrophage infiltration, especially
in combination with anti-B-cell therapies.

Acknowledgements We thank Ariadna Giró for her technical assis-
tance, Dr. Giovanna Roncador for sharing CSF-1R antibody and for
technical advice, Dr. YS Choi for sharing HK cells, the IDIBAPS
genomics facility for gene expression data generation and the IDI-
BAPS tumor bank for IHC performance. We are indebted to the HCB-
IDIBAPS Biobank, integrated in the Spanish National Biobanks
Network, for the biological human samples and data procurement.
This work was carried out at the Esther Koplowitz Center, Barcelona.
Grants that contributed to this work included: Gilead Sciences
Research Funded Agreement, Spanish Ministry of Economy and
Competitiveness & European Regional Development Fund (ERDF)
“Una manera de hacer Europa” for SAF2014/57708R and SAF2017/
88275R to PP-G and MCC, RTI2018-094584-B-I00 to DC, CIBER-
ONC (CB16/12/00334 and CB16/12/00225), and finally Generalitat de
Catalunya support for AGAUR 2017SGR1009 to DC.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

The receptor of the colony-stimulating factor-1 (CSF-1R) is a novel prognostic factor and therapeutic. . . 2647



Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Kahl BS, Yang DT. Follicular lymphoma: evolving therapeutic
strategies. Blood. 2016;127:2055–63.

2. Ame-Thomas P, Tarte K. The yin and the yang of follicular
lymphoma cell niches: role of microenvironment heterogeneity
and plasticity. Semin Cancer Biol. 2014;24:23–32.

3. Huet S, Sujobert P, Salles G. From genetics to the clinic: a
translational perspective on follicular lymphoma. Nat Rev Cancer.
2018;18:224–39.

4. Bolen CR, McCord R, Huet S, Frampton GM, Bourgon R, Jardin
F, et al. Mutation load and an effector T-cell gene signature may
distinguish immunologically distinct and clinically relevant lym-
phoma subsets. Blood Adv. 2017;1:1884–90.

5. Huet S, Tesson B, Jais J-P, Feldman AL, Magnano L, Thomas E,
et al. A gene-expression profiling score for prediction of outcome
in patients with follicular lymphoma: a retrospective training and
validation analysis in three international cohorts. Lancet Oncol.
2018;19:549–61.

6. Dave SS, Wright G, Tan B, Rosenwald A, Gascoyne RD, Chan
WC, et al. Prediction of survival in follicular lymphoma based on
molecular features of tumor-infiltrating immune cells. N Engl J
Med. 2004;351:2159–69.

7. Yang ZZ, Ansell SM. The tumor microenvironment in follicular
lymphoma. Clin Adv Hematol Oncol. 2012;10:810–8.

8. Canioni D, Salles G, Mounier N, Brousse N, Keuppens M,
Morchhauser F, et al. High numbers of tumor-associated macro-
phages have an adverse prognostic value that can be circumvented
by rituximab in patients with follicular lymphoma enrolled onto
the GELA-GOELAMS FL-2000 trial. J Clin Oncol.
2008;26:440–6.

9. Kridel R, Xerri L, Gelas-Dore B, Tan K, Feugier P, Vawda A,
et al. The prognostic impact of CD163-positive macrophages in
follicular lymphoma: a study from the BC cancer agency and the
lymphoma study association. Clin Cancer Res. 2015;21:3428–35.

10. Clear AJ, Lee AM, Calaminici M, Ramsay AG, Morris KJ, Hal-
lam S, et al. Increased angiogenic sprouting in poor prognosis FL
is associated with elevated numbers of CD163+ macrophages
within the immediate sprouting microenvironment. Blood.
2010;115:5053–6.

11. Sica A, Mantovani A. Macrophage plasticity and polarization:
in vivo veritas. J Clin Invest. 2012;122:787–95.

12. Steidl C, Lee T, Shah SP, Farinha P, Han G, Nayar T, et al.
Tumor-associated macrophages and survival in classic Hodgkin’s
lymphoma. N Engl J Med. 2010;362:875–85.

13. Hambardzumyan D, Gutmann DH, Kettenmann H. The role of
microglia and macrophages in glioma maintenance and progres-
sion. Nat Neurosci. 2016;19:20–7.

14. Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P.
Tumour-associated macrophages as treatment targets in oncology.
Nat Rev Clin Oncol. 2017. https://doi.org/10.1038/nrclinonc.
2016.217.

15. Ries CH, Hoves S, Cannarile MA, Rüttinger D. CSF-1/CSF-1R
targeting agents in clinical development for cancer therapy. Curr
Opin Pharmacol. 2015;23:45–51.

16. Papin A, Tessoulin B, Bellanger C, Moreau A, Le Bris Y, Mai-
sonneuve H, et al. CSF1R and BTK inhibitions as novel strategies
to disrupt the dialog between mantle cell lymphoma and macro-
phages. Leukemia. 2019;33:2442–53.

17. Galletti G, Scielzo C, Barbaglio F, Rodriguez TV, Riba M,
Lazarevic D, et al. Targeting macrophages sensitizes chronic
lymphocytic leukemia to apoptosis and inhibits disease progres-
sion. Cell Rep. 2016;14:1748–60.

18. Edwards DK, Watanabe-Smith K, Rofelty A, Damnernsawad A,
Laderas T, Lamble A, et al. CSF1R inhibitors exhibit antitumor
activity in acute myeloid leukemia by blocking paracrine signals
from support cells. Blood. 2019;133:588–99.

19. Wang Q, Lu Y, Li R, Jiang Y, Zheng Y, Qian J, et al. Therapeutic
effects of CSF1R-blocking antibodies in multiple myeloma.
Leukemia. 2018;32:176–83.

20. Kim HS, Zhang X, Choi YS. Activation and proliferation of
follicular dendritic cell-like cells by activated T lymphocytes. J
Immunol. 1994;153:2951–61.

21. Matas-Céspedes A, Rodriguez V, Kalko SG, Vidal-Crespo
A, Rosich L, Casserras T, et al. Disruption of follicular
dendritic cells-follicular lymphoma cross-talk by the pan-PI3K
inhibitor BKM120 (buparlisib). Clin Cancer Res. 2014;20:
3458–71.

22. Li L, Yoon S-O, Fu D-D, Zhang X, Choi YS. Novel follicular
dendritic cell molecule, 8D6, collaborates with CD44 in sup-
porting lymphomagenesis by a Burkitt lymphoma cell line,
L3055. Blood. 2004;104:815–21.

23. Lin J, Lwin T, Zhao JJ, Tam W, Choi YS, Moscinski LC, et al.
Follicular dendritic cell-induced microRNA-mediated upregula-
tion of PRDM1 and downregulation of BCL-6 in non-Hodgkin’s
B-cell lymphomas. Leukemia. 2011;25:145–52.

24. Zhao X, Lwin T, Silva A, Shah B, Tao J, Fang B, et al. Unification
of de novo and acquired ibrutinib resistance in mantle cell lym-
phoma. Nat Commun. 2017;8:1–15.

25. Alexander KA, Flynn R, Lineburg KE, Kuns RD, Teal BE, Olver
SD, et al. CSF-1-dependant donor-derived macrophages mediate
chronic graft-versus-host disease. J Clin Invest. 2014;124:
4266–80.

26. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y,
et al. Robust enumeration of cell subsets from tissue expression
profiles. Nat Methods. 2015;12:453–7.

27. Terol M-J, López-Guillermo A, Bosch F, Villamor N, Cid M-C,
Campo E, et al. Expression of beta-integrin adhesion molecules in
non-Hodgkin’s lymphoma: correlation with clinical and evolutive
features. J Clin Oncol. 1999;17:1869–1869.

28. Pals ST, de Gorter DJJ, Spaargaren M. Lymphoma dissemina-
tion: the other face of lymphocyte homing. Blood. 2007;110:
3102–11.

29. Husson H, Carideo EG, Cardoso AA, Lugli SM, Neuberg D,
Munoz O, et al. MCP-1 modulates chemotaxis by follicular
lymphoma cells. Br J Haematol. 2001;115:554–62.

30. Hartmann EM, Rudelius M, Burger JA, Rosenwald A. CCL3
chemokine expression by chronic lymphocytic leukemia cells
orchestrates the composition of the microenvironment in lymph
node infiltrates. Leuk Lymphoma. 2016;57:563–71.

31. Manfroi B, McKee T, Mayol JF, Tabruyn S, Moret S, Villiers C,
et al. CXCL-8/IL8 produced by diffuse large B-cell lymphomas
recruits neutrophils expressing a proliferation-inducing ligand
APRIL. Cancer Res. 2017;77:1097–107.

2648 J. G. Valero et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.1038/nrclinonc.2016.217


32. Chen J, Yao Y, Gong C, Yu F, Su S, Chen J, et al. CCL18 from
tumor-associated macrophages promotes breast cancer metastasis
via PITPNM3. Cancer Cell. 2011;19:541–55.

33. Ponzoni M, Pastorino F, Di Paolo D, Perri P, Brignole C. Tar-
geting Macrophages as a Potential Therapeutic Intervention:
Impact on Inflammatory Diseases and Cancer. Int J Mol Sci. 2018.
https://doi.org/10.3390/ijms19071953.

34. Khieu ML, Broadwater DR, Aden JK, Coviello JM, Lynch DT,
Hall JM. The utility of phosphohistone H3 (PHH3) in follicular
lymphoma grading: a comparative study with Ki-67 and H&E
mitotic count. Am J Clin Pathol. 2019;151:542–50.

35. Vidal-Crespo A, Matas-Céspedes A, Rodriguez V, Rossi C,
Valero JG, Serrat N et al. Daratumumab displays in vitro and
in vivo anti-tumor activity in models of B cell non-Hodgkin
lymphoma and improves responses to standard chemo-
immunotherapy regimens. Haematologica. 2019;105:1032–1041.

36. Hume DA, Irvine KM, Pridans C. The mononuclear phagocyte
system: the relationship between monocytes and macrophages.
Trends Immunol. 2019;40:98–112.

37. Kowal J, Kornete M, Joyce JA. Re-education of macrophages as a
therapeutic strategy in cancer. Immunotherapy. 2019;11:677–89.

38. Olejniczak SH, Hernandez-Ilizaliturri FJ, Clements JL, Czuczman
MS. Acquired resistance to rituximab is associated with che-
motherapy resistance resulting from decreased bax and bak
expression. Clin Cancer Res. 2008;14:1550–60.

39. Serrat N, Guerrero-Hernández M, Hernández H, Matas-Céspedes
A, Yahiaoui A, Valero JG et al. PI3Kd inhibition reshapes folli-
cular lymphoma-immune microenvironment cross talk and
unleashes the activity of venetoclax. Blood Adv. 2020. https://doi.
org/10.1182/bloodadvances.2020001584.

40. Guilloton F, Caron G, Ménard C, Pangault C, Amé-Thomas P,
Dulong J, et al. Mesenchymal stromal cells orchestrate follicular
lymphoma cell niche through the CCL2-dependent recruitment
and polarization of monocytes. Blood. 2012;119:2556–67.

41. Balkwill FR, Mantovani A. Cancer-related inflammation: com-
mon themes and therapeutic opportunities. Semin Cancer Biol.
2012;22:33–40.

42. Di Caro G, Cortese N, Castino GF, Grizzi F, Gavazzi F, Ridolfi C,
et al. Dual prognostic significance of tumour-associated macro-
phages in human pancreatic adenocarcinoma treated or untreated
with chemotherapy. Gut. 2016;65:1710–20.

43. Locati M, Curtale G, Mantovani A. Diversity, mechanisms, and
significance of macrophage plasticity. Annu Rev Pathol.
2020;15:123–47.

44. Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P.
Tumour-associated macrophages as treatment targets in oncology.
Nat Rev Clin Oncol. 2017;14:399–416.

45. Hanna BS, Mcclanahan F, Yazdanparast H, Zaborsky N, Kalter V,
Rößner PM, et al. Depletion of CLL-associated patrolling

monocytes and macrophages controls disease development and
repairs immune dysfunction in vivo. Leukemia. 2016;30:570–9.

46. Weiskopf K, Weissman IL. Macrophages are critical effectors of
antibody therapies for cancer. MAbs. 2015;7:303–10.

47. Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immu-
nological effects of conventional chemotherapy and targeted
anticancer agents. Cancer Cell. 2015;28:690–714.

48. Farinha P, Masoudi H, Skinnider BF, Shumansky K, Spinelli JJ,
Gill K, et al. Analysis of multiple biomarkers shows that
lymphoma-associated macrophage (LAM) content is an indepen-
dent predictor of survival in follicular lymphoma (FL). Blood.
2005;106:2169–74.

49. Noy R, Pollard JW. Tumor-associated macrophages: from
mechanisms to therapy. Immunity. 2014;41:49–61.

50. Hume DA, MacDonald KPA. Therapeutic applications of mac-
rophage colony-stimulating factor-1 (CSF-1) and antagonists of
CSF-1 receptor (CSF-1R) signaling. Blood. 2012;119:1810–20.

51. Polk A, Lu Y, Wang T, Seymour E, Bailey NG, Singer JW, et al.
Colony-stimulating factor-1 receptor is required for nurse-like cell
survival in chronic lymphocytic leukemia. Clin Cancer Res.
2016;22:6118–28.

52. Sullivan AR, Pixley FJ. CSF-1R signaling in health and disease: a
focus on the mammary gland. J Mammary Gland Biol Neoplasia.
2014;19:149–59.

53. Steins A, van Mackelenbergh MG, van der Zalm AP, Klaassen R,
Serrels B, Goris SG, et al. High-grade mesenchymal pancreatic
ductal adenocarcinoma drives stromal deactivation through CSF-
1. EMBO Rep. 2020;21:e48780.

54. Cassetta L, Fragkogianni S, Sims AH, Swierczak A, Forrester
LM, Zhang H, et al. Human tumor-associated macrophage and
monocyte transcriptional landscapes reveal cancer-specific repro-
gramming, biomarkers, and therapeutic targets. Cancer Cell.
2019;35:588–602.e10.

55. Martín-Moreno AM, Roncador G, Maestre L, Mata E, Jiménez S,
Martínez-Torrecuadrada JL, et al. CSF1R protein expression in
reactive lymphoid tissues and lymphoma: its relevance in classical
hodgkin lymphoma. PLoS ONE. 2015;10:e0125203.

56. Yan D, Kowal J, Akkari L, Schuhmacher AJ, Huse JT, West BL,
et al. Inhibition of colony stimulating factor-1 receptor abrogates
microenvironment-mediated therapeutic resistance in gliomas.
Oncogene. 2017;36:6049–58.

57. Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich
L, Quail DF, et al. CSF-1R inhibition alters macrophage polar-
ization and blocks glioma progression. Nat Med. 2013;19:
1264–72.

58. Salvagno C, Ciampricotti M, Tuit S, Hau C-S, van Weverwijk A,
Coffelt SB, et al. Therapeutic targeting of macrophages enhances
chemotherapy efficacy by unleashing type I interferon response.
Nat Cell Biol. 2019;21:511–21.

The receptor of the colony-stimulating factor-1 (CSF-1R) is a novel prognostic factor and therapeutic. . . 2649

https://doi.org/10.3390/ijms19071953
https://doi.org/10.1182/bloodadvances.2020001584
https://doi.org/10.1182/bloodadvances.2020001584

	The receptor of the colony-stimulating factor-1 (CSF-1R) is a novel prognostic factor and therapeutic target in follicular lymphoma
	Abstract
	Introduction
	Methods
	FL microenvironment models
	Monocyte–nobreakmacrophage differentiation and polarization analysis

	Results
	FL-FDC crosstalk induces monocyte recruitment and their differentiation towards M2-like macrophages, favoring FL tumor growth
	M2 macrophages shape FL cancer hallmarks
	Macrophage depletion hampers the outgrowth of FL-HK tumors and reduces FL dissemination
	CSF-1R expression in FL is associated with reduced overall survival and histological transformation
	CSF-1R blockade reprograms M2 to M1 macrophages and disrupts FL-M2 macrophages crosstalk
	CSF-1R inhibition and rituximab cooperate in�vivo by hampering tumor outgrowth, limiting macrophage infiltration, and promoting M2-M1 reprogramming

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS
	References




