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ABSTRACT
◥

Ewing sarcoma (EWS) is the second most common pediatric
bone tumor. The EWS tumor microenvironment is largely recog-
nized as immune-cold, with macrophages being the most abundant
immune cells and their presence associated with worse patient
prognosis. Expression of CD99 is a hallmark of EWS cells, and its
targeting induces inhibition of EWS tumor growth through a poorly
understoodmechanism. In this study, we analyzedCD99 expression
and functions on macrophages and investigated whether the con-
comitant targeting of CD99 on both tumor and macrophages could
explain the inhibitory effect of this approach against EWS. Target-
ing CD99 on EWS cells downregulated expression of the “don’t eat-
me” CD47 molecule but increased levels of the “eat-me” phospha-
tidyl serine and calreticulin molecules on the outer leaflet of the

tumor cell membrane, triggering phagocytosis and digestion of
EWS cells by macrophages. In addition, CD99 ligation induced
reprogramming of undifferentiated M0 macrophages and M2-like
macrophages toward the inflammatory M1-like phenotype. These
events resulted in the inhibition of EWS tumor growth. Thus, this
study reveals what we believe to be a previously unrecognized
function of CD99, which engenders a virtuous circle that delivers
intrinsic cell death signals to EWS cells, favors tumor cell phago-
cytosis by macrophages, and promotes the expression of various
molecules and cytokines, which are pro-inflammatory and usually
associated with tumor regression. This raises the possibility that
CD99 may be involved in boosting the antitumor activity of
macrophages.

Introduction
Treating patients with Ewing sarcoma (EWS), the second most

frequent pediatric tumor of the bone, remains a challenge for oncol-
ogists because of the paucity of novel effective drugs for patients who
do not respond to first-line chemotherapy and for patients with
metastatic disease. In an effort to identify novel therapeutic strategies,
we have studied the relevance of CD99, a glycosylated transmembrane
protein that has gained research interest because of its involvement in
many essential cellular functions, such as cell adhesion and migration,
cell death and differentiation, intracellular protein trafficking, endo-

cytosis, and exocytosis of immune and tumor cells (1). CD99 is
expressed at high levels in EWS cells and cooperates with the onco-
genic driver EWSR1::FLI1 (2) to maintain EWS malignancy (3, 4),
thereby emerging as a promising therapeutic target (5). Engagement of
CD99 with antibodies (Abs), including the human diabody (dAbd)
C7 (6), has been shown to deliver potent lethal signals in EWS cells
independent of the canonical apoptosis pathway (7–9), leading to
synergistic effects with conventional chemotherapeutic agents when
mice bearing EWS are treated with a combination of anti-CD99 and
doxorubicin or irinotecan (8, 10, 11).

In addition to its effects on EWS tumor cells, CD99 has been
implicated in the regulation of several immune cell functions, such
as proliferation and stimulation of mature peripheral T cells, regula-
tion of MHC class I molecule transport from the Golgi complex to the
cell surface, T-cell migration, and diapedesis of monocytes across the
endothelium (1). Moreover, CD99 is an important player in lympho-
cyte development. CD99-deficient fetuses typically demonstrate a
marked impairment in thymic development, suggesting a role for
CD99 in normal thymus ontogeny (12). In thymocytes, CD99 elicits
homotypic cell aggregation and induces cell death at critical stages of
thymocyte differentiation (13–15). Ligation of CD99 by Abs induces a
death pathway named “death by neglect” in CD4þCD8þ double-
positive thymocytes that do not recognize peptide-loaded self-MHC
molecules present in the thymus (16).

In both EWS cells and immature thymocytes, CD99 engagement
induces phosphatidylserine (PS) exposure on the cell surface (17–19),
but cell death proceeds through classical or nonclassical apoptotic
pathways, depending on the different CD99 domains that are activated
by distinct Abs (6, 15, 17). The reason(s) why different CD99 domains
are linked to different death pathways is not clear, but the induction of
cell death independent of canonical apoptosis may be an opportunity
to treat EWS patients resistant to canonical apoptosis–inducing
agents (20).
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In the thymus, apoptotic thymocytes are cleared by surrounding
F4/80þ macrophages (21), which, in response to the engulfment of
apoptotic cells, release variousmolecules and cytokines that are known
to promote thymocyte death (22–24). Because macrophages contin-
ually engulf apoptotic cells, they may constantly provide these cells
with death-inducing signals and thus contribute to ensuring the
effective induction of “death by neglect” in the thymus. In this study,
we tested whethermacrophages potentiate the CD99-induced death of
EWS cells. Immune checkpoint–targeted therapies have yielded dis-
appointing results in EWS (25, 26), likely due to the paucity of effector
T cells (27, 28) in the EWS tumor microenvironment (TME). In
contrast, macrophages, predominantly immunosuppressive M2-like
macrophages, have been described as the most abundant cells in the
EWS TME (27–29), and a high infiltration of M2-like macrophages in
EWS samples is reported to be associatedwith a poor survival rate (30).
Thus, EWS might benefit from the development of strategies focusing
on macrophage activation/polarization rather than T cell–checkpoint
modulation. CD99, besides being expressed on EWS cells is also
present on monocytes/macrophages (31).

Here, we show that CD99 antibodies promote tumor growth
inhibition through a dual action on tumor cells and macrophages:
ligation of CD99 in EWS cells influences the redistribution of eat-
me and don’t-eat-me signals on EWS cell membranes, leading to
enhanced phagocytic capabilities of macrophages and decreased
tumor cell survival; and triggering of CD99 on M0/M2-like macro-
phages favors macrophage polarization toward an inflammatory
M1-like phenotype (20).

Materials and Methods
In vitro cell cultures

We used the following human patient-derived EWS cell lines:
TC-71 (DSMZ, Catalog no. ACC-516, RRID: CVCL_2213) and
6647 (RRID: CVCL_H722) both kindly provided by T. J. Triche
(Children’s Hospital, Los Angeles, CA); H-825 kindly provided by
Prof. A. Llombart-Bosch (University of Valencia, Spain); and A673
cells (RRID: CVCL_0080) kindly provided by H. Kovar (St. Anna
Kinderkrebsforschung). SK-N-MC (RRID: CVCL_0530), SK-ES-1
(RRID:CVCL_0627), andRD-ES (RRID:CVCL_2169)were purchased
from the ATCC (Rockville, MD); LAP-35 (RRID:CVCL_A096) and
IOR/CARwere established in our laboratory and have been previously
characterized (8). The TC-EGFP cell line was derived fromTC-71 cells
transfected with the pEGFP-N1 plasmid (RRID: Addgene_172284,
Clontech) to stably express Enhanced Green Fluorescent Protein
(EGFP; ref. 32). Cells with silenced CD99 (TC-CD99-shRNA#1
and TC-CD99-shRNA#2) were also used (3). To avoid cross-
contamination between cell lines and outgrowth of faster-growing
clones in long-term cultures, all cell lines were kept in liquid nitrogen
until use. When in culture, they were maintained in Iscove’s modified
Dulbecco’s medium (IMDM, EuroClone, #ECB2072L) supplemented
with 10% FBS (EuroClone, #ECS0180L) and incubated at 37�C in a
humidified atmosphere containing 5% CO2 for approximately 8–12
in vitro passages (corresponding to 2–3 months) before being dis-
carded. Whenever necessary, replicates started from the same batch of
frozen vials. Cells were regularly tested forMycoplasma contamination
(MycoAlert Mycoplasma Detection Kit, LT07–418, Lonza) and
authenticated by short tandem repeat PCR analysis using a PowerPlex
ESX Fast System kit (CLA service by Eurofins Genomics; before
starting the experiments and at the end (last control July 2023).
Human Bone marrow mesenchymal stem cells (hBM-MSCs) were

purchased fromLonza (Catalog no. 2M-302) and usedwithin 8 in vitro
passages.

Ethics
The study was approved by the Ethical Committee of the Rizzoli

Orthopedic Institute and Comitato Etico di Area Vasta Emilia Centro
(Prot. 0019012 del 15/09/2016 and CE-AVEC:505/2019/Sper/IOR).
Informed consent for human peripheral blood mononuclear cells
(PBMC) collection was obtained from all healthy donors, with parti-
cipants signing a printed consent form (Prot. N� 1212 del 15.1.2015).
Informed consent for patient-derived xenograft (PDX) collection was
obtained signing a printed consent form (Prot. 000923 2016/04/22).
All animal procedures were performed in accordance with ARRIVE
guidelines (33) and with European directive 2010/63/UE and Italian
Law (DL 26/2014); experimental protocols were reviewed and
approved by the institutional animal care and use committee (“Comi-
tato per il Benessere Animale”) of the University of Bologna and by the
ItalianMinistry ofHealthwith letters 4783-X/10 and 208/2017-PR and
1051/2020-PR as previously reported (8, 11).

In vivo studies
Female athymic 4- to 5-week-old Crl:CD-1nu/nuBRmice (Charles

River Italia) were subcutaneously injected with 5�106 6647 cells.
Starting from day þ7 after cell injection, when tumors reached a
volume of approximately 10mm3, that is, a mean diameter of 2.7mm
at least, the animals were randomized into two groups: control group,
mice that received subcutaneous injections of PBS or vehicle; and
dAbd C7-treated group, mice received daily subcutaneous peritu-
moral injections of the anti-CD99 human monospecific bivalent
single-chain fragment variable dAbd C7 produced by Diatheva Srl
(1 mg/injection) for two subsequent cycles of 5 days, as previously
reported (8).

For studies using PDXs, immunodeficient NOD/SCID gamma
(NSG; Charles River Italia) male mice 6- to 11-week-old or 8- to
25-week-old immunodeficient BALB/c Rag2�/�; Il2rg�/� (RGKO)
were implanted subcutaneously in the interscapular region with
fragments of PDX-EW#2 or PDX-EW#3, which we previously devel-
oped in our lab (11). RGKO mice were bred in our animal facilities
from founders kindly given to us by Drs. T. Nomura and M. Ito of the
Central Institute for Experimental Animals (Kawasaki, Japan; ref. 34).
Pharmacologic treatments started 3 weeks after tumor fragment
implantation, when tumors reached a volume of at least 10 mm3. For
peritumoral administration of dAbd C7, animals were randomized to
receive two cycles of dAbd C7 (1mg/injection, 5 days/week for 2
consecutive weeks followed by 1 week of rest). Control mice were not
treated, as previously reported (11). For systemic administration of
dAbd C7, animals were randomized to receive two cycles of dAbd C7
(50 mg/Kg) by intraperitoneal injection 5 days/week for 2 consecutive
weeks followed by 1 week of rest (35). Control mice were not treated.
Tumor size was measured with calipers, and tumor volumes were
calculated according to the formula p/2 [H(a � b)]3/6, where a ¼
maximal tumor diameter and b¼ tumor diameter perpendicular to a.
Mouse body weight and tumor volume were measured at least once a
week. The experimental humane endpoint was a maximum tumor
volume of 2.5 cm3 and all mice were sacrificed as soon as an
experimental group (usually untreated controls) overcame this thresh-
old. At necropsy, the tumors were collected and stored for histopath-
ologic and molecular analyses to evaluate the effects of dAbd C7
treatment on the immune phenotype of tumor cells and tumor
immune microenvironment.
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Human blood samples processing and macrophages
preparation

PBMCs from healthy human volunteers were isolated using density
gradient Histopaque-1077 (#10771, Sigma-Aldrich) or purchased
from Lonza (hPBMCs Lonza CC-2702 19TL064725). Monocytes were
isolated by positive magnetic separation using CD14 immunomag-
netic beads (#130–050–201 Miltenyi Biotec GmbH), followed by
MACS LS column separation (#130–042–401 Miltenyi), according to
the manufacturer’s recommendations.

1�105 CD14þ monocytes were plated in 60 mm petri dishes,
maintained in IMDM (#ECB2072L, EuroClone) supplemented with
10% FBS (#ECS0180L, EuroClone), 100 U/mL penicillin, and
100 mg/mL streptomycin (#P0781–100, Merck), and incubated at
37�C in 5% CO2 for 7 days to obtain M0-like macrophages. To obtain
M1- and M2-like macrophages, CD14þ monocytes were cultured as
for M0-like macrophages with the addition of 50 ng/mL recombinant
human GM-CSF (#130–093–865, Miltenyi) or 10 ng/mL M-CSF
(#130–096–491, Miltenyi), respectively. Subsequent activation was
achieved through stimulation for a further 48 hours with 10 ng/mL
recombinant human IFNg (#285IF, R&D Systems) or 10 ng/mL IL4
(#204-IL; R&D Systems), respectively (36). Before starting the experi-
ments, M0-, M1-, and M2-like macrophages were phenotypically
characterized by flow cytometry (see Flow cytometry) and cytokines
were analyzed on cells starved for 48 hours (see Multiplex cytokine
assay and qRT-PCR analysis), to remove stimulating factors.

Mouse peritoneal lavage
Peritoneal lavages were carried out on na€�ve NSG mice after

sacrifice, by injecting 5 mL of PBS into the peritoneal cavity (37).
After gentle massage, the peritoneal fluid was collected and put into a
conical tube on ice. To reduce nonspecific binding of antibodies, Fc
receptors were blocked by incubation with anti-CD16/CD32 Fc-block
(# 553142, BD Biosciences, RRID:AB_394657) before staining with
PE/Cy7-conjugated anti-mouse F4/80 (clone MB8) (#123114, BioLe-
gend, RRID:AB_893478), which was used as a marker of peritoneal
macrophages, or double staining with PE/Cy7-conjugated anti-mouse
F4/80 and anti-human CD99 dAbd C7 (Diatheva Srl) followed by
incubation with FITC-conjugated Protein A (#BA1120–0.5, Boster-
Bio). Levels of expression were analyzed by flow cytometry (see Flow
cytometry).

In vitro anti-CD99 treatments
EWS cells ormacrophages were treated withmAb 0662 (10 mg/mL),

mAb 12E7 (10 mg/mL), or dAbd C7 (200 mg/mL) for 5 minutes to
6 hours before processing as described below. The hybridoma used to
produce murine anti-CD99 mAb 0662 was kindly provided by Alain
Bernard (Unit�e INSERM 343, Hospital de l’Archet, Nice). The mAb
12E7 was purchased from Santa Cruz Biotechnology (sc-53148, Santa
Cruz, mouse monoclonal, RRID: AB_629249). An irrelevant antibody
(MOPC-21, #M7894, Sigma-Aldrich, RRID:AB_1163632) (10mg/mL)
was used as an additional control.

For the coculture assay, 5�105 EWS cells treated or untreated
with anti-CD99 were seeded on M0 or M2-like macrophages. After
6 hours, macrophages were extensively washed to remove tumor
cells and further analyzed by phagocytosis assay and quantitative
real-time PCR (qRT-PCR). Cell supernatants were also collected
and analyzed by multiplex cytokine assay. Alternatively, 1�105

macrophages treated or untreated with anti-CD99 were cocultured
with 5�105 untreated EWS cells. After 6 hours, macrophages
were extensively washed to remove tumor cells and further analyzed
by phagocytosis assay and qRT-PCR. Cell supernatants were also

collected and analyzed by multiplex cytokine assay. Cytotoxicity
against EWS cells elicited by macrophages was measured by vital
cell counting using Trypan Blue dye exclusion (#T8154, Sigma). At
least three separate experiments were performed using macro-
phages for each analysis.

Recombinant human and mouse CD99 extracellular domain
production

The recombinant extracellular domain of humanCD99 (aa 23–123)
was produced using the plasmid pQE30a–CD99/His in TG1 E. coli
cells (38). The plasmid containing the full-length mouse CD99 cDNA
(GenBank: BC019482.1) was a kind gift from prof. Mario Paolo
Colombo (Fondazione IRCCS Istituto Nazionale dei Tumori, Exper-
imental Oncology Department, Molecular Immunology Unit, Milan).
This plasmid was used as template for the PCR amplification of the
extracellular domain of mouse CD99 corresponding to aa 29–138
with the primers: mmCD99BamHI Fw: 50-GGCGCGGATCCTGACG
ACTTCAACCT-30 and mmCD99XhoI Rev: 50-ACCACCTCGAGC-
TACAAGCCCTGGGGCGT-30. Amplified fragment, was agarose-
purified using the Gel MiniElute Extraction kit (#28604, Qiagen) and
digested, together with the plasmid pET45b(þ) (#71327–3, Novagen),
with the restriction enzymes XhoI and BamHI (#R0146S and #R0136S,
respectively, NewEngland Biolabs) at 37�C for 3 hours. Digested insert
and vector were ligated with T4 DNA ligase (#M1801, Promega)
for 16 hours at þ4�C. The final construct contains a His tag at
the N-terminal of the CD99 extracellular domain. Ligation mixes
were transformed into the Escherichia coli (Ec) strain BL21 (DE3)
[(F-ompT hsdSB(rB-mB-) gal dcm (DE3)] for protein expression.
Positive clones were screened by colony-PCR and the sequence
confirmed by sequencing. Recombinant human and mouse CD99
extracellular domains were produced in Ec using the protocol
described in (39).

CD99 ELISA
2HB 96-well plates were coated with 100 mL/well of rCD99 antigens

diluted at 5 mg/mL in carbonate buffer pH 9.6 and kept at 37�C for 16
to 18 hours. After five washes in PBS containing Tween-20 0.05%,
the plates were blocked with BSA (#A4503, Sigma) 1% in PBS
(150 mL/well) and kept for 1 hour at 37�C. After washing, serial
dilutions of dAbd C7 (Diatheva Srl) in PBS-BSA were added to the
wells and the plates incubated for 90 minutes at 37�C. After washing,
an anti-scFv polyclonal antibody (Diatheva Srl) was added and kept for
1 hour at 37�C. The immunoreactive signals were highlighted after
further addition of a goat anti-rabbit HRP-conjugated antibody
(#1706515, Bio-Rad, RRID: AB11125142). After incubation andwash-
ing, the substrate ABTS (#11684302001, RocheDiagnostic) was added,
and the absorbance values were obtained reading at 405 nm with a
microplate reader (Glomax Multi Detection System).

In vitro phagocytosis assays
To evaluate phagocytic ability, human macrophages obtained as

described in human blood samples processing and macrophages prep-
aration were treated and cocultured with TC-EGFP cells as described
above (In vitro anti-CD99 treatments), repeatedly washed with PBS,
fixed in 4% paraformaldehyde for 10 minutes at room temperature,
and subsequently imaged with a fluorescence microscope Nikon 90i
Eclipse with a 20x NA 0.5 Refractive Index: 1 Plan Apo objective.
Images of 1280 � 960 pixels were collected using a Nikon DS-U2/L2
USB digital camera. Transmission and fluorescence images were
merged and rendered using NIS Elements software (Nikon). The
phagocytic index was calculated as the number of phagocytosed EWS
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cells per at least 100 macrophages and was expressed as a percentage
(%) of macrophages with engulfed cells.

Time-lapse confocal imaging
Confocal fluorescence images related to phagocytosis assays were

acquired using a Nikon A1R confocal microscope with a 20x NA 0.75
Plan Apo VC objective. All experiments were carried out at 37�C and
5% CO2 using a stage incubation (OkoLab, Italy) and an Eclipse Ti-E
inverted microscope equipped with a perfect focus system. 489.1 nm
diode laser was used for excitation of GFP and was set at 12% to
minimize the possible phototoxic effects induced by fluorescence
illumination on live cells. The fluorescence emission was measured
at 525/50 nm using a PMT detector. The diameter of the detection
pinhole was set at two Airy units (59 mm) to generate a single thick
optical section passing through the center of the cells. A series of
sequential images of 1024� 1024pixels at 12-bits (4096Gy levels)were
collected at a fixed pixel size of 62mm every 300 s for at least 10 hours.
The transmission and fluorescence images were merged and rendered
using NIS Elements Advanced Research software.

IHC
Serial 4-mm-thick paraffin sections from formalin-fixed, paraffin-

embedded xenografts, obtained as described above (see In vivo studies)
and as previously reported (8, 11), were processed according to
standardized IHC procedures and then immunostained with the
following antibodies: anti-CD47 (clone EPR21794; #ab218810, rabbit
monoclonal, Abcam), anti-F4/80, (D2S9R) (#70076, rabbit polyclonal,
Cell Signaling, RRID: AB_2799771), anti-CD206 (#ab64693, rabbit
polyclonal, Abcam, RRID: AB_1523910), and anti-CD99 (O13)
(#915601; BioLegend, RRID:AB_2565169). An avidin–biotin–HRP
method was used for single staining (VECTASTAIN ABC kit, PK-
4001, Vector Laboratories). A polymer with anti-mouse alkaline
phosphatase and anti-rabbit HRP was used for dual staining (Mach2
Double Stain #1, #PBC-MRCT523L, Biocare Medical). For morpho-
logic analyses, the slides were stained with hematoxylin and eosin.

Histologic and histomorphometric analyses were carried out with a
digital pathology slide scanner with a resolution of 0.5 mm/pixel
(Aperio AT2, Aperio Technologies, Vista, CA) using ImageScope
software (v12.4.3, RRID: SCR_014311) for slide viewing and analysis.

qRT-PCR analysis
Total RNA from M0, M1, or M2-like macrophages cultured

under different conditions (see in vitro anti-CD99 treatment) was
extracted using RNA PURE reagent (#EMR506100, Euroclone Spa)
according to the manufacturer’s instructions and then treated
with DNase I (#AM1906, DNA-free Kit, Life Technologies). Reverse
transcription was performed using SuperScript VILO (#11754,
Life Technology) reverse transcriptase and random hexamers
according to the manufacturer’s protocol. The forward and reverse
primers for PCR amplification of the human genes encoding CD80,
CD86, CD163, CD206, IL1b, IL6, IL10, and TNFa are described in
Supplementary Table S1. RT-PCR was performed as previously
described (40). The expression levels of target genes (RQ) were
normalized to that of GAPDH and expressed as: 2�DDCt, where
DCt ¼ Ct target genes – Ct GAPDH and DDCt ¼ DCt sample � DCt
calibrator (untreated cells at each time point).

Multiplex cytokine assay
The concentrations of IL1b, IL4, IL6, IL10, IL12, CCL4, CCL18,

TNFa, and TGFbwere detected using multiplex bead-based sandwich
immunoassay kits (Bio-Rad Laboratories Inc., #M500KCAF0Y, RRID:

AB_2893118) following the manufacturer’s instructions. Briefly, we
added 50 mL to each well of the diluted standards (4-fold dilution
series), controls, and samples in duplicate and add 50 mL of coupled
beads, and the plates were incubated at room temperature for 30
minutes. The plates were then washed three time with 100 mL of wash
buffer and incubatedwith 25mL of detection antibodies for 30minutes.
Finally, the plates were washed three times, incubated with 50 mL of
streptavidin-PE for 30 minutes, and measured in a Luminex Bio-plex
system (Bio-Rad Laboratories Inc.). Data are expressed as pg/mL or as
fold increase versus the control.

Flow cytometry
EWS cell lines, human macrophages (M0, M1, and M2-like) and

hBM-MSCs were analyzed by flow cytometry (FACSCanto II cyt-
ometer; BectonDickinson) using the following antibodies: anti-CD99-
FITC (3B2/TA8)(# 11–0997–42, eBioscience, RRID:AB_2016685),
anti-CD14-FITC (#F0844, Dako), anti-CD68-FITC (#562117, BD
Pharmingen), anti-CD80-PE (#5572227, BD), anti-CD86-FITC
(#374204, BioLegend), anti-CD163-PE/Cy7(#25–1639–4, Affyme-
trix), anti-CD206-APC (#561763, BD), anti-CD47-PE (REA 220)
(#130–123–754, Miltenyi Biotech, RRID:AB_2819520), and anti-cal-
reticulin-PE (EPR3924) (LSC105731, LSBio-Life Span, RRID:
AB_2069806). Detection and quantification of PS-positive cells was
performed by flow cytometric analysis of annexin-V-FITC/PI-labeled
cells (MEBCYTO Apoptosis Kit #4700, Medical & Biological Labo-
ratories). Data are expressed as % positive cells or median fluorescence
intensity (MFI). Flow samples were properly analyzed using FCS
Express 7.18.0025 software (RRID:SCR_016431).

Western blotting and immunoprecipitation
2�106 EWS cells (6647 and TC-71) were pretreated for 3 hours with

MG13210mmol/L (Sigma, #C2211)and thenexposed to0662(3mg/mL)
or dAbd C7 (200 mg/mL) for further 1 to 3 hours before being lysed
with RIPA buffer (Thermo Fisher Scientific, #89900) containing pro-
tease inhibitors (Thermo Fisher Scientific, #A32955) and phosphatase
inhibitors (Thermo Fisher Scientific, #A32957). 10�106 humanmacro-
phages obtained as described in Human blood samples processing
and macrophages preparation and treated according to In vitro anti-
CD99 treatments section. Western blotting was performed as previously
described (8). Membranes were incubated overnight with the following
primary antibodies: anti-Phospho-Stat1 (Tyr701) (D4A7) (#7649,
rabbit monoclonal, RRID: AB_10950970), anti-c-Fos (9F6) (#2250,
rabbit monoclonal RRID: AB_2247211), anti-c-Jun (60A8) (#9165,
rabbit monoclonal, RRID: AB_2130165), anti-beta-Tubulin (SAP.4G5)
(#T7816, mouse monoclonal RRID: AB_261770), and anti-GAPDH
(14C10) (#2118, rabbit monoclonal, RRID: AB_561053) purchased
from Cell Signaling Technology; and anti-Stat1 (#06–501, rabbit poly-
clonal, Millipore, RRID: AB_310145) and anti-CD47 (#ab218810,
rabbit monoclonal, Abcam). Anti-rabbit IgG, Whole Ab ECL Anti-
body, HRP Conjugated (NA934, GeHealthcare, RRID: AB_772206)
and Anti-mouse IgG, HRP Conjugated (NA9310, GeHealthcare,
RRID: AB_772193) were used as the secondary antibodies and reveal-
ed by SuperSignal West Pico PLUS Chemiluminescent Substrate
(#34580, Thermo Fisher Scientific).

For immunoprecipitation, 500 mg of cell lysates (as described
above) obtained from 5�106 EWS cells (6647, TC-71 and
TC-CD99-shRNA#2) were incubated for 16 hours with Protein
G-Plus agarose beads (#sc-2003, Santa Cruz Biotechnology) in the
presence of 2 mg anti-CD99 12E7 mAb (sc-53148, Santa Cruz,
mouse monoclonal, RRID: AB_629249), anti-CD47 (#ab218810,
rabbit monoclonal Abcam), or control IgG antibody (MOPC-21,
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Figure 1.

The human anti-CD99 dAbd C7 inhibits tumor growth and increases macrophages infiltration. A, Tumor volume after treatment with the anti-CD99 dAbd C7 in
xenografts derived from injection of 6647 cells in nudemice. Control, n¼ 10; dAbd C7, n¼ 6 (left) or PDX-EW#2 tumors developed in NSGmice; control, n¼ 4; dAbd
C7, n¼ 5 (right). Dots represent single tumor volumes, mean� SD are displayed. Mann–Whitney U test, � , P < 0.05. B, Representative H&E images of 6647 (left) or
PDX-EW#2 (right) xenografts treated or not with dAbd C7 (scale bar, 50 mm). The tumor regions with nuclear condensation and the total area of the samples were
identified bymanuallymarkingwith Image J software. Histogram represents the percentage of tumor areawith nuclear condensation (vs. total tumor area). Data are
expressed as the median and range (minimum–maximum). Mann–Whitney U test, � , P < 0.05. C, Representative images of double staining IHC for F4/80 murine
macrophages (brown) and CD99 EWS cells (red) in 6647 (left) or PDX-EW#2 (right) xenografts after treatment with dAbd C7 (scale bar, 50 mm). The enlarged box
shows a mouse macrophage with engulfed EWS cells; the histograms represent the percentage of F4/80-positive cells calculated after evaluation of at least ten
fields. Data are expressed as the median and range (minimum–maximum. Mann–Whitney U test; ���, P < 0.001.
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#M7894, Sigma-Aldrich, RRID: AB_1163632). Immunoprecipitates
and 20 mg of total lysates were then resolved on a 10% Tris-HCl gel
and immunoblotted with anti-CD99 12E7 mAb (sc-53148, Santa
Cruz, mouse monoclonal, RRID: AB_629249) and anti-CD47 mAb.
Secondary anti-mouse and anti-rabbit antibodies were used and
revealed as described earlier.

Statistics and reproducibility
Statistical analysis was performed using parametric tests for

data with normal and symmetric distributions (one-way ANOVA,
two-way ANOVA, and Tukey multiple comparison tests); other-
wise, nonparametric tests were applied (Kruskal–Wallis and Dunn

post hoc tests for unpaired data and Mann–Whitney U test for
unpaired two-group data). Depending on the distribution, values
are expressed as median and range (minimum–maximum) or as
mean� SD.

GraphPad Prism (version 8.0 Software; RRID: SCR_002798) or CSS
Statistical software (StatSoft) were employed to perform statistical
analysis.

Data availability
The data generated in this study are available within the article and

its Supplementary Data files or from the corresponding author upon
request.

Figure 2.

Macrophage-mediated phagocytosis and cytotoxicity of EWScells after anti-CD99antibodies treatment.A,Phagocytic index ofM0-likemacrophages cocultured for
6 hours with TC-EGFP cells being exposed to anti-CD99 antibodies (12E7 mAb; 0662 mAb; dAbd C7 or to irrelevant MOPC21 antibody used as isotype control) for
30 minutes. Phagocytic index indicated the number of EWS cells phagocytosed per 100 macrophages. Dots represent single fields and data are expressed as the
median and range (minimum–maximum) of at least three independent experiments. One-way ANOVA: � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. B, Representative
images of M0-like macrophages phagocytosing EWS cells after treatment with anti-CD99 antibodies. Arrows point to phagocytosed tumor cells (scale bar, 50 mm).
C, EWS cell survival in the presence or not of M0-like macrophages (Mj) detected by Trypan blue vital counting. Data are expressed as percentage compared with
untreated TC-71 cells. Bars represent the mean � SD of at least three independent experiments. Mann–Whitney U test: � , P < 0.05; �� , P < 0.01.
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Figure 3.

Modulation of ‘eat-me’ and ‘don’t eat-me’molecules on EWS cell surface after CD99 engagement.A,Cytofluorimetric profile of PS and CALR expression in EWS cells
treated with anti-CD99 antibodies (expressed as percentage of positive cells). B, MFI of CD47 expression in EWS cells treated with anti-CD99 antibodies. All cells
are 100% positive to CD47 even after treatments. Bars indicated themean� SD of at least three independent experiments. One-wayANOVA: � , P < 0.05; �� , P < 0.01;
��� , P < 0.001. Gating strategy and representative profiles of each type of experiment (A–B), are reported in Supplementary Figs. S4 and S5. C, Confocal microscopy
images of CD47 in TC-71 cells treated with 0662mAb (10 mg/mL), indicating intracellular localization of CD47 (arrows). Enlarged views of the boxed regions are also
displayed (scale bar, 50 mm, representative images of two independent experiments are shown).D,Western blot analysis of CD47 on total cell lysates from6647 and
TC-71 cells treatedwith anti-CD99 antibodies (0662mAb; dAbdC7) in the presence or absence of the proteasome inhibitor MG132. Data are representative of at least
three independent experiments. Beta-tubulin was included as loading control. E, Representative images of IHC staining of CD47 in 6647 (left) or PDX-EW#2 (right)
xenografts after treatment with dAbd C7 (scale bar, 50 mm). Histograms represent the percentage of CD47 positive cells calculated after evaluation of at least ten
fields. Data are presented as the median and range (minimum–maximum). Mann–Whitney U test: � , P < 0.05; ��� , P < 0.001.
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Results
The human anti-CD99 dAbd C7 induces EWS cell death and
recruitment of murine macrophages in vivo

For in vivo studies we used the human anti-CD99 dAbdC7, which is
a diabody lacking an Fc that is capable of recognizing either human or
mouse CD99 (ref. 6; Supplementary Fig. S1). In two in vivo experi-
ments, one with the human patient-derived 6647 cell line (8) and the
other with the PDX-EW#2 (11), mice were randomized to receive
peritumoral human anti-CD99 dAbd C7, whereas control mice were
not treated or received vehicle. In addition, in a third experiment, mice
received the implant of PDX-EW#3 and were treated systemically by
intraperitoneal injection of dAbd C7 (35). In all cases, after treatment
with dAbd C7, a decrease in EWS tumor volume was observed
(Fig. 1A; Supplementary Fig. S2A) and the mechanism responsible
for this antitumor effect was studied (8, 11).

By histologic examination, slides of treated tumors (representative
images from two mice/group) showed an increased number of cells
with nuclear condensation of chromatin that is characteristic of
programmed cell death (Fig. 1B; Supplementary Fig. S2B). In addition,
we observed increased infiltration of murine F4/80þ macrophages
inside the tumor (Fig. 1C; Supplementary Fig. S2C), indicating that
triggering CD99 in EWS cells promoted macrophage recruitment, as
expected when dying cells are visible by standard histologic techni-
ques (41), and may activate the dynamic machinery of phagocytosis.

Ligation of CD99 on EWS cells induces their phagocytosis by
macrophages

Human M0-like macrophages differentiated ex vivo from circulat-
ingmonocytes (Supplementary Fig. S3) were used in a coculturemodel

to investigate the elimination of EWS cells throughout the study,
although some validations were also performed using M2-like polar-
ized macrophages. Direct cocultures of M0-like macrophages with
EWS cells treated with different anti-CD99 antibodies showed a
significant increase in the phagocytic index compared with negative
controls (Fig. 2A and B; Supplementary videos S1-S4). The phago-
cytic indices observed after exposure to the murine 0662 mAb or
human dAbd C7 were significantly higher than that observed when
tumor cells were exposed to the murine 12E7 mAb. Accordingly, the
ligation of CD99 with the 0662 mAb or dAbd C7 in TC-71 cells
significantly increased their elimination by macrophages (Fig. 2C);
results showed that, when in cocultures, TC-71 cell survival reduced
up to 30% to 50% after treatment with the 0662 mAb or dAbd C7
but cells maintained 80% to 90% of survival after exposure to the
irrelevant, isotype control mAbMOPC-21 or to the anti-CD99 12E7
mAb. Thus, the removal of EWS cells by M0-like macrophages after
ligation of CD99 seems to depend mainly on differences in the
mechanisms of action of the Abs, rather than on Fc-dependent
phagocytosis. This is in line with previous studies on CD99 (42, 43),
a molecule that displays different epitopes recognized by different
antibodies with distinct functions (1).

Triggering of CD99 by the 0662 mAb or by dAbd C7 has been
demonstrated to lead to PS translocation from the cytoplasm to the
exofacial layer of the plasma membrane within minutes after CD99
ligation, ultimately delivering caspase-independent cell death
signaling (7–9). Exposed PS is a potent “eat me” signal, acting via
direct interaction with PS receptors on phagocytes or indirectly
through bridging molecules (44), and we confirmed PS exposure after
treatment with 0662 mAb and dAbd C7, but not with 12E7 mAb
(Fig. 3A; Supplementary Fig. S4 and Supplementary Fig. S5). In

Figure 4.

The presence of CD99 on EWS cell
surface influences CD47 status.
A,ExpressionofCD47 inCD99-silenced
cells. Bars indicateMFI.Mean� SDof at
least three independent experiments,
Kruskal–Wallis test: �, P < 0.05.
B, Cytofluorimetric profile of CD47
expression in TC-CD99-shRNA#2 EWS
cells treatedwith anti-CD99 antibodies.
Bars indicate the mean� SD of at least
three independent experiments. Gating
strategy and representative profiles of
each type of experiment (A and B), are
reported in Supplementary Fig. S7.
C, Immunoprecipitation of CD99 with
CD47 in 6647, TC-71, and TC-CD99-
shRNA#2 EWS cells. Blots are repre-
sentative of at least three independent
experiments.
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addition to PS, dying cells expose other “eat-me” signals on their
surface, such as the endoplasmic reticulum chaperone calreticulin
(CALR), which is normally confined to the cytosolic side of the cell
membrane but may be expressed on the surface of dying cells under
certain programmed cell death-inducing conditions, leading to cell
phagocytosis (45). The induction of CALR exposure on the surface
of EWS cells was observed when cells were exposed to 0662 mAb
and human dAbd C7 but not 12E7 mAb (Fig. 3A; Supplementary
Fig. S4 and Supplementary Fig. S5). The process was rapid, detect-
able as soon as 5 to 15 minutes after treatment, and was in parallel
with PS exposure.

We next assessed whether anti-CD99 induced alterations in the
expression of ‘don’t eat me’ signals, such as CD47, which is believed to
act as an anti-phagocytic marker (46). CD47 is highly expressed in
multiple types of human cancer cells, allowing them to escape phago-
cytosis by macrophages (47). Here, we confirmed that EWS cells
generally express high levels of CD47 (a panel of nine human
patient-derived cell lines was tested: Supplementary Fig. S6). Overall,
the average expression of CD47 on the EWS cells was significantly
higher than it was on hBM-MSCs, which are thought to be the
putative cell of origin of EWS cells (48). After CD99 engagement
with 0662 mAb and dAbd C7, but not with 12E7 mAb, CD47
expression was significantly and quickly reduced on the surface of
EWS cells (Fig. 3B; Supplementary Fig. S4 and Supplementary Fig. S5).
Confocal microscopy of CD47 on adherent cells after CD99 ligation
showed progressive disappearance of CD47 from the cell surface and
cytoplasm (Fig. 3C), suggesting that CD47 was internalized and then
degraded inside EWS cells. Indeed,Western blotting of cells exposed to
0662 mAb or dAbd C7 for 1 to 3 hours confirmed CD47 down-
regulation (Fig. 3D). This decreased expression was partly due to
proteasome-dependent degradation, as demonstrated by its rescue
using the proteasome inhibitor MG132 in vitro (Fig. 3D). The
reduction of CD47 expression was also confirmed in vivo in xenografts
treated with the dAbd C7 (Fig. 3E).

The functional relationship between CD99 and CD47 was further
demonstrated in EWS cells in which CD99 was silenced (3). In these
cells, expression of CD47 was significantly lower than that in the
parental cells (Fig. 4A; Supplementary Fig. S7). In addition, treatment
of these cells with anti-CD99 did not induce CD47 depletion from the
cell surface (Fig. 4B; Supplementary Fig. S7) or exposure of PS and
CALR (Supplementary Fig. S8). Immunoprecipitation of CD99 with
CD47 was demonstrated in parental 6647 and TC-71 cells but not in
CD99-silenced TC-CD99-shRNA#2 EWS cells (Fig. 4C). Thus, our
data support the hypothesis that CD99 interacts with CD47 after
ligation, causing its internalization and favoring phagocytosis by
macrophages.

A decrease of approximately one third in surface CD47 was
previously reported to be effective in promoting tumor-cell phagocy-
tosis by macrophages, regardless of the macrophage subtype (49).
Consistent with this, we observed that when M0-like macrophages
(Fig. 2) orM2-like macrophages (Supplementary Fig. S9) were used in
coculture with EWS cells, only if the cells were pretreated with 0662

mAb or dAbd C7, reducing CD47 levels, was the phagocytic index
enhanced and EWS cells eliminated.

Ligation of CD99 on macrophages induces their polarization
toward a M1-like phenotype

Enlarged images of treated xenografts (Fig. 1C) showed EWS cell
phagocytosis by macrophages. Therefore, we decided to analyze in
more detail the infiltration of tumor-associated macrophages and the
association between dying cells and the phagocytes. We found that the
anti-CD99 dAbd C7 can recognize murine CD99 on macrophages by
using a cell population derived from peritoneal lavage of NSG mice
double stained for F4/80 (expressed in monocytes and macrophages)
and CD99 to verify that both markers are expressed on the plasma
membrane of these cells (Supplementary Fig. S1B). In untreated
xenograft tumors, some of the few infiltrating F4/80þ macrophages
also expressed CD206, a major marker for anti-inflammatory M2-like
macrophages (50) (Fig. 5A). In contrast, infiltrating macrophages of
tumors treated with dAbd C7 lacked the CD206 marker (Fig. 5A).

Ex vivo qPCR analysis confirmed that coculturing of anti-CD99–
treated EWS cells with M0-like macrophages caused the upregula-
tion of genes that are usually associated with a pro-inflammatory
M1-phenotype, such as those encoding CD80, CD86, IL1b, IL6, and
TNFa (Fig. 5B and C; Supplementary Table S2), and the down-
regulation of genes associated with an M2-phenotype, such as those
encoding CD163 and CD206 (Fig. 5B; Supplementary Table S2),
together with increased expression and release of IL1b, IL6, and
TNFa (M1-like cytokines) and a decrease in release of CCL18 and
TGFb (M2-like cytokines; Fig. 5B; Supplementary Table S2). Sim-
ilar data were also obtained when ex vivoM2-like macrophages were
used (Supplementary Fig. S10; Supplementary Table S2).

Because CD99 is expressed in several immune cells, including
macrophages (31), it is possible that the anti-CD99 present on
EWS-pretreated cells can also deliver signals to macrophages in direct
cell cocultures. Therefore, wefirst confirmed thatCD99 is expressed on
human macrophages—M0, M1, and M2-like macrophages—at rele-
vant levels (Supplementary Fig. S11) and then evaluated the effects of
CD99 engagement on these immune cells. Anti-CD99 did not deliver a
cell death message in macrophages, which is consistent with our
previous evidence in normal stem cells (8, 51), but rather they
increased the phagocytic capacity of these scavenger cells (Fig. 6A),
which led to significant reduction in EWS cell survival in coculture
experiments (Fig. 6B).

In addition, M0-like cells exposed to the anti-CD99 0662 mAb
or dAbd C7 showed increased expression of the M1-like markers
CD80, CD86, IL1b, IL6, andTNFa but decreased expression of theM2-
like marker CD206 and IL4 (Fig. 6C and D). Consistent with this,
both 0662 mAb and dAbd C7 triggered activation of the phospho-
signal transducers and activators of transcription (STAT)-1, and
enhanced levels of Fos and Jun, which are components of the AP-1
complex (Fig. 6E), further supporting the hypothesis that these CD99
antibodies promote macrophage polarization toward the M1-like
phenotype.

Figure 5.
Ex vivo undifferentiated M0-like macrophages switch to M1-like phenotype when cocultured with EWS cells treated with agonistic anti-CD99 antibodies.
A, Representative IHC images of murine F4/80þ and CD206þ macrophages in 6647 (left) and PDX-EW#2 (right) xenografts after treatment with dAbd C7 (scale
bar, 50 mm). Low magnifications are inserted to show tumor morphology, and the box represents the field of view of the 40� images displayed for each antigen.
Quantification of IHC staining of tumor tissue samples in each group were quantified by ImageJ software. Data are expressed as median and range (minimum–

maximum). Mann–Whitney U test: � , P <0.05; ���, P <0.001.B, The relative expression ofCD80, CD86, CD163, CD206was analyzed by qPCR inM0-likemacrophages
cocultured with TC-EGFP cells treated with 0662 mAb or dAbd C7 as indicated in material and methods. Data are expressed as the median and range (minimum–

maximum). Kruskal–Wallis test: � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. C,Multiplex cytokine assay analysis of IL1b, IL6, TNFa, CCL18, TGFb1, and IL4 release in M0-like
macrophages coculturedwith TC-71 EGFP cells treatedwith 0662mAbor dAbdC7 as indicated inmaterial andmethods. Data are expressed as themedian and range
(minimum–maximum) of the fold increase versus control ¼ 1. Kruskal–Wallis test: � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Discussion
Immune checkpoint inhibitors have radically changed treatment

formany types of cancer, but their clinical application has been limited

by a low response rate, especially in tumors that are characterized
by scarce infiltration of functional cytotoxic T lymphocytes into the
tumor bed and an uninflamed phenotype (52). EWS is a nonimmu-
nogenic tumor with a low mutational burden (53) and it has an

Figure 6.

Engagement of CD99 on ex vivo undifferentiated M0-like macrophages induces M1-like polarization and increases their phagocytosis capabilities against EWS cells.
A, Phagocytic index of M0-like macrophages exposed to anti-CD99 antibodies (0662mAb; dAbd C7) or to irrelevant MOPC21 antibody (used as isotype control) for
3 hours and then coculturedwith TC-EGFP cells for an additional 3 hours as indicated in theMaterials andMethods. Thephagocytic index indicates the number of EWS
cells phagocytosed per 100 macrophages. Dots represent single fields, and data are expressed as the median and range (minimum–maximum) of at least three
independent experiments. Kruskal–Wallis test: � , P < 0.05; �� , P < 0.01. B, TC-EGFP cell survival in the presence of M0-like macrophages exposed to anti-CD99
antibodies. Trypan blue vital cell countwas used. Data are expressed as percentages comparedwith untreated EWS cells. Bars indicatemean� SD fromat least three
independent experiments. Kruskal–Wallis test: � , P < 0.05; �� , P < 0.01. C, Relative expression of CD80, CD86, CD163, and CD206 was analyzed by qPCR in M0-like
macrophages treatedwith anti-CD990662mAbordAbdC7 for 1 to 6hours. Data are expressedas themean�SD. Two-wayANOVA test: � ,P<0.05; �� ,P<0.01; ��� ,P
< 0.001.D,Multiplex cytokine assay analysis of IL1b, IL6, TNFa, and IL4 release in M0-likemacrophages treatedwith anti-CD99 0662mAb or dAbd C7 as indicated in
the Materials and Methods. Data are expressed as mean� SD of the fold increase versus control M0-like¼ 1. Two-way ANOVA test: � , P < 0.05; �� , P < 0.01; ��� , P <
0.001. E, Western blot analysis of intracellular signaling molecules in M0-like macrophages treated as indicated. GAPDH was used as the loading control.
Representative blots from three independent experiments are shown.
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immunosuppressive TME with few, if any, functional T cells (54),
mature dendritic cells (DC), and pro-inflammatory M1 macro-
phages (27); rather, it features substantialmyeloid-cell infiltration (55),
including immature (M0-like) and immunosuppressive (M2-like)
macrophages (27, 29). The abundance of M0/M2-like macrophages
has been reported to be relevant to the progression of EWS (30, 56).
Fujiwara and colleagues found thatmacrophages in the TMEwere able
to induce angiogenesis and osteoclast activation to promote EWS
progression (30). More recently, EWS cells were found to inhibit
the differentiation of DCs by secreting exosomes, resulting in the
formation of an immunosuppressive TME, and weakened adaptive
immunity (57). Reshaping the TME through the modulation of
macrophage functions appears to be an interesting perspective in EWS.

In our study, we offer a strategy to reeducate M0/M2-like macro-
phages and modify the TME to combat cancer. We demonstrate that
triggering CD99, a cell-surface molecule highly expressed in EWS cells,
but also present on macrophages, induced phagocytosis by macro-
phages to exert antitumor effects; and polarization of M0/M2-like
macrophages toward theM1phenotype.Macrophage-mediated phago-
cytosis contributes to the efficacy of mAb therapies because macro-
phages express all classes of Fcg receptors, thus having the potential to
destroy tumors via antibody-dependent phagocytosis (50). However,
whenEWScellswere treatedwith the agonistic anti-CD990662mAbor
the human dAbd C7, we observed a significant increase in tumor-cell
phagocytosis by macrophages compared with Fc-dependent phagocy-
tosis alone,most likely influenced by the redistribution of PS andCALR,
two ‘eat-me’ signals, and by the decrease in the expression of CD47, a
‘do-not-eat-me’ signal, on EWS cell membranes minutes after CD99
ligation. Thus, in the treated cells, ‘eat-me’ signals prevailed, driving
EWS cell engulfment and phagocytosis by macrophages.

Targeting CD47 to enhance macrophage phagocytosis has emerged
as a promising strategy for tumor immunotherapy (58); however, its
efficacy in solid tumors is still limited. Here, we indicate another
mechanism to block CD47 inhibitory functions: when engaged, CD99
interacts withCD47 and induces its internalization and ubiquitination,
thus inhibiting its expression in tumor cells. Because the expression of
CD99 at high levels is confined to a few cell types (1), this approach
may selectively direct CD47 blockade to cancer target cells, thereby
improving the safety of CD47 blocking therapy.

A decrease in CD47 expression was observed in vivo when EWS
xenografts were treated with human anti-CD99 dAbd C7. The absence
of murine immunocompetent models for EWS limited our under-
standing of the crosstalk between tumor cells and different immune
cell populations. However, because EWS xenografts in NSG mice lack
T and NK cells but retain myeloid cells, our data further support the
importance of macrophages in the therapeutic control of EWS tumor
growth. We acknowledge that a limitation of this study is the reliance
on subcutaneous EWS tumors, which lack elements of the bone
microenvironment and may be less informative than orthotopic
models. The influence of the implantation site on the composition
of the tumor immune infiltrate in preclinical models is poorly under-
stood, and this aspect should be considered when conducting pre-
clinical studies with immunotherapeutic agents. However, whenGold-
stein SD and collaborators (59) compared macrophage infiltration in
three subcutaneous EWSs and three orthotopic EWSs, they found that
subcutaneous tumors were more actively infiltrated by macrophages
with modest M2 polarization than orthotopic tumors, allowing these
cells to be evaluated in the context of the TME. In a variety of tumors,
DenisM and collaborators have recently shown that although there are
several differences between subcutaneous and orthotopic models at
baseline, immunotherapy can induce a homogeneous immune infil-

trate regardless of the site of implantation, suggesting that the post-
therapeutic infiltrate is determined by the effect of therapy on immune
cell recruitment or activation rather than the composition of the
preexisting immune infiltrate (60). In addition to inducing methuosis,
a nonapoptotic form of cell death due to excessive intracellular
accumulation of vacuoles (7), our data indicate that targeting CD99
results in increased numbers of macrophages, enhanced phagocy-
tosis, and inhibition of tumor growth. Furthermore, anti-CD99 can
reprogram ex vivo undifferentiated M0-like macrophages or M2-
polarized macrophages toward an M1-like phenotype. As the most
abundant immune cells in the TME of EWS, this finding is of
paramount importance because M1-like and M2-like macrophages
represent the two extremes of a continuum in a universe of
activation states. Classically activated M1-like macrophages pro-
duce many pro-inflammatory and effector molecules and exert
antitumor cytolytic activity, whereas alternatively activated M2-like
macrophages are anti-inflammatory and promote wound healing,
angiogenesis, and tissue remodeling, ultimately favoring tumor
invasion and progression (61). Triggering of CD99 in macrophages
induces secretion of the chemokines IL1b, IL6, and TNFa and
expression of the markers CD80 and CD86, all of which are markers
of the M1-like phenotype.

Taken together, our data indicate that CD99 can be a dual-use
modulator against EWS cells, inducing tumor cell death and rapid
clearance of dying cells by phagocytosis. On the other hand, it reed-
ucatesmacrophages, promoting their pro-inflammatory functions and
enhancing their antitumor response. The result is tumor growth
inhibition, supporting the idea that targeting CD99 can be considered
a macrophage-targeted therapy.
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