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Abstract
Immunotherapy with chimeric antigen receptor T (CAR T) cells has changed the treatment of hematological malignances, 
but they are still a challenge for solid tumors, including pediatric sarcomas. Here, we report a switchable CAR T cell strat-
egy based on anti-FITC CAR T cells and a switch molecule conjugated with FITC for targeting osteosarcoma (OS) tumors. 
As a potential target, we analyzed the expression of B7-H3, an immune checkpoint inhibitor, in OS cell lines. In addition, 
we evaluate the capacity of an anti-B7-H3 monoclonal antibody conjugated with FITC (anti-B7-H3-FITC mAb) to control 
the antitumor activity of anti-FITC CAR T cells. The effector functions of anti-FITC CAR T cells against OS, measured 
in vitro by tumor cell killing activity and cytokine production, are dependent on the presence of the anti-B7-H3-FITC mAb 
switch. Moreover, OS cells stimulate anti-FITC CAR T cells migration. In vivo, anti-B7-H3 mAb penetrates in the tumor 
and binds 143B OS tumor cells. Furthermore, anti-FITC CAR T cells reach tumor region and exert antitumor effect in an 
OS NSG mouse model only in the presence of the switch molecule. We demonstrate that anti-B7-H3-FITC mAb redirects 
the cytotoxic activity of anti-FITC CAR T cells against OS tumors suggesting that switchable CAR T cell platforms might 
be a plausible strategy against OS.
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Introduction

Sarcomas are a large group of heterogeneous mesenchy-
mal tumors that represent around 10–15% of all pediatric 
malignancies. Among sarcomas, osteosarcoma (OS) is the 
most common primary malignancy of the bone with high 
capacity of local invasion and metastasis that mostly affect 
children and young adults, peaking at 10–14 years old. Sec-
ond peak of incidence arise from > 65 years old [1]. The 
current therapeutic management of OS combines surgical 

resection and chemotherapy. 5-year overall survival is up 
to 70% of patients presenting localized disease; however, 
patients with metastatic, relapse or refractory tumors have 
a poor prognosis [2]. There have barely been advances in 
survival and treatment of OS in the last 30 years [3] being 
urgent the development of new strategies such as immune-
based therapies.

Immunotherapies include chimeric antigen receptor-mod-
ified T cells (CAR T cells) that recognize and kill tumor 
cells. CAR T cell therapy has remarkable antitumor effect 
targeting CD19 or BCMA on hematological malignancies; 
however, the efficacy against solid tumors is limited. Solid 
tumors exhibit several challenges for CAR T cells such as 
(i) the lack of specific tumor antigens to target [4, 5], (ii) 
difficulties for CAR T cell trafficking and infiltration into 
the tumor [6] and (iii) a hostile tumor microenvironment 
that inhibits the function of CAR T cells and leads them to 
exhaustion [7].

In order to find tumor antigen candidates for treating OS 
with CAR T cell therapy, several targets have been explored. 
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Among them, HER2, GD2, IL-11Rα, CD276 (B7-H3) and 
NKG2D ligands (NKG2DLs) have been tested in preclinical 
studies [8–12]. Folate receptor (FR) has also been proposed 
through an anti-FITC CAR T cell strategy [13]. Switchable 
CAR T cell strategies, as anti-FITC and other anti-tag CAR 
T cells, are modular approaches where CAR T cell activity 
is controlled by intermediary switch molecules [14]. These 
switches or adaptors target tumor-associated antigens and 
are linked with an epitope that selectively binds the CAR, 
mediating the interaction between CAR T cells and tumor 
cells [15–17]. These strategies aim targeting different tumor 
antigens and improving the safety of conventional CAR T 
cell therapy. Here, we propose to use an anti-B7-H3 mono-
clonal antibody conjugated with FITC (anti-B7-H3-FITC 
mAb) as an adaptor to target B7-H3+ OS tumor cells using 
anti-FITC CAR T cells.

B7-H3 is a very promising target for immunotherapies 
for solid tumors because it is highly expressed on different 
tumor types [11]. However, B7-H3 expression is limited 
on normal tissues. Member of B7 family, B7-H3 acts as 
an immune checkpoint protein inhibiting the function of 
T cells [18, 19]. It is overexpressed in OS patients, and it 
has been associated with tumor aggressiveness and metas-
tasis [20]. There are several preclinical studies address-
ing the antitumor effect of mAb and antibody–drug con-
jugates [21, 22] against B7-H3. CAR T cells targeting 
B7-H3+ OS tumor cells have also been studied with inter-
esting results [11]. In addition, a few clinical trials target-
ing B7-H3 in solid tumors, including OS, are currently 
running (NCT04483778, NCT02982941, NCT04897321 
and NCT04864821).

In this report, we use FITC-labeled anti-B7-H3 mAb as 
a strategy for controlling CAR T cell activity. We demon-
strated that, in a NSG model, anti-B7-H3 mAb reaches the 
tumor and binds OS cells expressing B7-H3. Additionally, 
anti-FITC CAR T cells traffic to tumor site and exert their 
antitumor function in a specific manner, only when anti-B7-
H3-FITC mAb is present.

Material and methods

Anti‑B7‑H3 monoclonal antibody production

8H9 hybridoma, secreting anti-B7-H3 mAb, was pur-
chased from ATCC (USA) and cultivated according to 
the recommendation of the supplier. mAb was purified 
from the culture supernatants by affinity chromatogra-
phy column with protein G-Sepharose (BioRad) and dia-
lyzed in PBS. Concentration was determined by Bradford 
assay. mAb was conjugated with FITC (anti-B7-H3-FITC 
mAb) or Alexa Fluor 647 using a Fast kit of conjugation 
(Abcam).

Cell lines

The human OS cell lines 143B, MNNG/HOS, SAOS-2 and 
U-2 OS were cultured in DMEM (Lonza) containing 10% 
fetal bovine serum (FBS), 100 IU/ml of penicillin/strepto-
mycin (Lonza) and glutamine (2 mM). OS cell lines were 
regularly tested for Mycoplasma detection (Lonza). For 
authentication, OS cell were examined by STR analysis 
(IIBM, Madrid).

For in vitro assays, OS cell lines were transduced with 
lentiviral vectors in order to express GFP, using PL-SIN-
EF1α-EGFP plasmid from Addgene (Ref: 21320).

PBMC and T cell isolation

Leukocyte Reduction System (LRS) cones from healthy 
donors were provided by the Biobank Hospital Universitario 
Puerta de Hierro Majadahonda (HUPHM)/Instituto de Inves-
tigación Sanitaria Puerta de Hierro-Segovia de Arana (IDI-
PHISA) (PT17/0015/0020 in the Spanish National Biobanks 
Network), and they were processed following standard 
operating procedures with the appropriate approval of the 
Ethics and Scientific Committees. Human peripheral blood 
mononuclear cells (PBMCs) were isolated by Lymphoprep 
(Alere Technologies AS) density-gradient centrifugation and 
subsequently cryopreserved. For the CAR T cell generation, 
isolated T cells were obtained by negative selection using 
a Pan T Cell Isolation Kit (Miltenyi Biotech) from frozen 
PBMCs.

Lentiviral vector generation and anti‑FITC CAR T 
cells transduction

Anti-FITC CAR construct was kindly provided by Dr. 
Michael Jensen from Seattle Children´s Research Institute, 
Washington, USA. This second-generation fully human 
CAR construct contains a (i) fully human anti-FITC scFv 
(clone E2), (ii) an IgG4 hinge-CH2(L235D,N297Q)-CH3 
spacer, (iii) a CD28-transmembrane domain, (iv) a 4-1BB/
CD3z signaling domain and (v) a cell-surface human EGFRt 
tag, as described previously [13].

Lentiviral vectors were produced in HEK293T cells 
co-transfected with anti-FITC CAR single chain variable 
fragment (scFv) encoding plasmid, the packaging plasmid 
(PsPAX2) and the envelope plasmid (VSV-G). The super-
natants were collected 48  h after transfection, filtrated 
through a 0.45 µm filter (Millipore) and ultracentrifugated 
at 23,000 rpm for 2 h at 4 °C.

Purified T cells were activated overnight using Dyna-
beads Human T-Activator CD3/CD28 (Gibco) at 1 bead: 
2 T cells ratio, in X-VIVO 15 media (Lonza) supplemented 
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with 250 U/ml of IL-2 (Miltenyi Biotech). Next day, acti-
vated T cells were transduced with lentiviral particles using 
MOI 2. Spin infection was performed by centrifugation at 
2000 g during 2 h at 32 °C. 6 h later, fresh media was added. 
CAR T cells were maintained at  106 cells/ml in X-VIVO 
15 media supplemented with 250 U/ml of IL-2. Media was 
refreshed every 2 days. In order to expand CAR T cells, 
beads were removed at day 7. From then, CAR T cells were 
cultured in X-VIVO 15 media supplemented with 40 U/ml of 
IL-2. Experiments were performed with resting CAR T cells 
from day 11 after transduction. For in vitro experiments, 
resting CAR T cells were cryopreserved and lately thawed 
and maintained for at least 24 h in X-VIVO 15 media sup-
plemented with 40U/ml of IL-2 prior assays.

Cell‑mediated cytotoxicity in vitro assay

OS cell lines expressing GFP were seeded at 2 ×  104 cells 
per well into a P24-well plate. After 24 h, cells were incu-
bated with PBS or 100 μg/ml of anti-B7-H3-FITC mAb for 
30 min. Tumor cells were washed and cocultured with anti-
FITC CAR T cells, at different ratios effector: target cells 
(E:T; 1:4, 1:2, 1:1, 2:1 and 4:1) in X-VIVO 15 supplemented 
with 40 U/ml of IL-2. After 48 h, cells were collected and 
stained with anti-CD45 mAb and 7AAD (Biolegend) and 
analyzed by flow cytometry. The number of live tumor cells 
 (GFP+7AAD−) preincubated with anti-B7-H3-FITC mAb 
was normalized to the number of live tumor cells preincu-
bated with PBS. Supernatants from cocultures were col-
lected and IFNγ and TFNα levels were tested by ELISA 
(Biolegend).

For the experiments combining different mAbs, we fol-
lowed similar protocol. Briefly, after 24 h of 143B seeding, 
tumor cells were incubated with anti-B7-H3-FITC mAb, 
anti-CD29-FITC, anti-CD166-FITC or anti-CD105-FITC 
alone or anti-B7-H3-FITC mAb in combination with each 
of the other mAb-FITC. Number of live tumor cells were 
analyzed by flow cytometry.

In vitro chemotaxis assay

Chemotaxis of anti-FITC CAR T cells in response to tumor 
cells was assayed in 5 μm diameter pore size transwell 
chambers.  105 OS cells per well were seeded in a P24-
well plate in DMEM 10% FBS and allowed to adhere for 
4 h. Anti-FITC CAR T cells and tumor cells were starved 
during 16 h in DMEM supplemented with 0.1% bovine 
serum albumina (BSA) (Sigma-Aldrich). Transwell upper 
chamber was coated with fibronectin (1 µg/ml) at 4 °C for 
16 h. Before assay, OS cells were incubated for 30 min 
with PBS or 100 µg/ml of anti-B7-H3-FITC mAb. Then, 
 105 anti-FITC CAR T cells were added to the transwell 
upper chamber, and migration was allowed to proceed for 

3 h in DMEM 0.1% BSA. Migrated cells were analyzed 
by flow cytometry. Migratory capacity was calculated as 
Input = 100 × (CAR T cells migrated)∕(CAR T cells seeded) 
and Migration index = (migrated CAR T cells to OS cells)∕

(migrated CAR T cells to basal conditions).

Mice

NOD.Cg-Prkdcscid  Il2rgtm1WjI/SzJ (NSG) mice (Jackson) at 
ages ranging from 8 to 12 weeks were used for in vivo exper-
iments. All procedures and animal care were performed at 
the Instituto de Salud Carlos III (Madrid, Spain). All proto-
cols were approved by the pertinent ethical committees and 
carried out in accordance with the guidelines of the Euro-
pean directives and Spanish laws (PROEX 133.7/21).

Xenograft models of OS tumors were generated by inject-
ing  106 143B cells subcutaneously in the right flank of mice. 
In vivo assays were initiated at day 14 after inoculation.

In vivo mAb B7‑H3 biodistribution

Mice carrying 143B-cells-derived tumors were divided into 
three homogenous groups, which were inoculated intraperi-
toneally with PBS (n = 1) or with 100 µg (4 mg/kg; n = 3), 
50 µg (2 mg/kg; n = 3) or 10 µg (0.4 mg/kg; n = 3) of anti-
B7-H3 mAb (clone 8H9) conjugated with Alexa Fluor 647 
(D0). Fluorescence was quantified using the IVIS Spectrum 
system and Living Image Software (PerkinElmer) after 48 h 
and 72 h post mAb administration. Tumors were removed at 
72 h for ex vivo imaging and processed for flow cytometry 
analysis.

For time course experiment, 100 µg of labeled mAb 
(n = 10) and PBS control (n = 5) were assessed. In this case, 
imaging analysis was performed at 4, 24, 48 and 72 h after 
mAb administration. Tumors, lungs, kidneys, spleens and 
livers were collected at 72 h for ex vivo imaging.

Anti‑FITC CAR T cell homing

For in vivo tracking of CAR T cells, mice were divided into 
a three homogenous groups and were injected intraperito-
neally with PBS (group A, n = 5, and group B, n = 10) or 
with 100 µg of anti-B7-H3-FITC mAb (clone 8H9, group 
C, n = 10) (D-1). Next day (D0), anti-FITC CAR T cells 
were labeled with 8.33 mg/mL DiR buffer (DiIC18(7) or 
1,1′-dioctadecyltetramethyl indotricarbocyanine Iodide) for 
30 min at 37 °C, according to manufacturer´s instruction 
(Caliper Lifesciences), prior to inoculation intravenously in 
mice (group B and C). DiR-labeled anti-FITC CAR T cells 
homing is determined by the IVIS Spectrum system at 3 h, 
7 h, 24 h, 48 h and 6 days post-inoculation and quantified 
using Living Image Software (PerkinElmer). For ex vivo 
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imaging of DiR-labeled anti-FITC CAR T cells, tumors were 
collected at different time points.

Xenograft antitumor responses

For in vivo antitumor response experiments, mice bearing 
the 143B-cells-derived tumors (n = 42) were divided into 
four homogenous groups. Mice were inoculated intraperi-
toneally with PBS (groups A and C) or with 100 µg of mAb 
anti-B7-H3 (clone 8H9) conjugated with FITC (groups B 
and D) (D-1). Mice were also inoculated intravenously with 
PBS (groups A and B) or with 5.5 ×  106 of anti-FITC CAR 
T cells (groups C and D) (D0). In addition, PBS (groups A 
and C) or 50 µg of anti-B7-H3-FITC (groups B and D) were 
administrated intraperitoneally every two–three days.

Tumor length (L), width (W) and height (H) were meas-
ured with a Vernier caliper (Mitutoyo) periodically, and 
tumor volume  (mm3) was calculated as follows: V = [(axial

diameter length, mm) × (rotational diameter, mm) × (sagittal

diameter, mm)]∕2 . Tumor growth was calculated dividing 
tumor volume measure of each day by the tumor volume 
measure at the CAR T cell inoculation-starting day (D0). 
Area under the curve (AUC) was determined from tumor 
growth following Duan et al., instructions [23]. Antitumor 
activity was calculated relative to mean tumor growth of 
PBS group (A). Mice were sacrificed at day 19 after inocula-
tion of anti-FITC CAR T cells.

Flow cytometry

OS cell lines or CAR T cells were stained with fluoro-
chrome-labeled antibodies against human B7-H3 (EPN-
CIR122 from Abcam; clone 8H9 from hybridoma cell line), 
EGFR (R&D Systems), CD45 (Biolegend), CD29 (eBio-
science), CD166 (AbD Serotec) and CD105 (Immunostep). 
Data were analyzed by Quant Analyzer 10 (Miltenyi Bio-
tech) and FlowJo software.

Statistical analyses

GraphPad Prism 9.1.1 software was used for statistical anal-
ysis. Statistical tests used are indicated in figure legends. p 
values of less than 0.05 were considered significant.

Results

Osteosarcoma cell lines expressing B7‑H3

A second-generation fully human FITC-specific (clone E2) 
CAR construct (Fig. 1A) was synthesized and provided by 
The Jensen Laboratory [13].

In order to evaluate whether a mAb against B7-H3 con-
jugated with FITC (anti-B7-H3-FITC mAb) may be used as 
a switch for our FITC-specific CAR T system (Fig. 1B), we 
first studied B7-H3 expression on several OS human cell 
lines. Analysis by flow cytometry showed that B7-H3 was 
mainly expressed on all cell lines evaluated (Fig. 1C); Thus, 
we considered that B7-H3 could a good target for treating 
OS with CAR T cell therapy.

In vitro antitumor activity

We next assessed in vitro the antitumor efficacy of anti-FITC 
CAR T cells. We first evaluated the number of live OS cells 
after adding anti-FITC CAR T cells to OS cells preincubated 
or not with anti-B7-H3-FITC mAb. We quantified the cell-
mediated cytotoxicity of anti-FITC CAR T cells by flow 
cytometry following 48 h of coculture. In presence of the 
adaptor, anti-FITC CAR T cells showed an enhanced cytol-
ytic response against B7-H3-FITC+ OS cell lines (143B and 
MNNG/HOS cells), even at low CAR T cell: OS cell ratios 
(Fig. 2A and Fig Suppl 1). The differences in the presence 
of the mAb were higher as the ratio increased, as shown by 
calculating the number of live tumor cells related to PBS 
(Fig. 2A and Fig Supl 1). In addition, we found better anti-
FITC CAR T cell activity combining anti-B7-H3-FITC with 
other mAbs conjugated with FITC targeting CD29, CD166 
or CD105 antigens than B7-H3 alone, suggesting that anti-
FITC CAR T cells could target different targets at the same 
time (Fig Suppl 2).

Cytokine release is another important functional char-
acteristic of CAR T cells. We analyzed the concentration 
of proinflammatory cytokines such as IFNγ and TNFα on 
supernatants collected from anti-FITC CAR T cells and 
OS cell lines cocultures. In agreement with a higher cyto-
toxic capacity, anti-FITC CAR T cells produce significantly 
greater amounts of IFNγ and TNFα when they are cultured 
with OS cells that have been previously stained with anti-
B7-H3-FITC mAb (Fig. 2C). These results demonstrate 
that, in vitro, anti-FITC CAR T cells show antitumor activ-
ity when OS cells are preincubated with anti-B7-H3-FITC 
mAb.

Anti‑B7‑H3 mAb binds 143B tumor in an in vivo 
model

Before testing in vivo efficacy of anti-FITC CAR T cells, 
we studied anti-B7-H3 mAb biodistribution. For imaging 
analysis in vivo, we first performed fluorescence labe-
ling of anti-B7-H3 mAb with Alexa Fluor 647. Then, 
we injected intraperitoneally labeled anti-B7-H3-Alexa 
Fluor 647 mAb at different concentrations into NSG mice 
implanted subcutaneously with 143B OS tumor cells. We 
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analyze mAb targeting B7-H3 biodistribution using IVIS 
Lumina II imaging system (Fig. 3A).

Doses of 50 μg and 100 μg are enough for accumula-
tion of labeled mAb in 143B tumor expressing B7-H3 at 
48 h. The fluorescent signal is maintained at similar levels 
at 72 h with both doses (Fig. 3B). Ex vivo analysis of 
tumors by flow cytometry showed that mAb binds 143B 
OS cells expressing B7-H3. The percentage and mean fluo-
rescence intensity (MFI) of B7-H3+ tumor cells increase 
with higher doses (Fig. 3C).

In order to analyze whether anti-B7-H3 mAb is accu-
mulated at shorter times, we established a time course of 
anti-B7-H3-Alexa Fluor 647 mAb biodistribution admin-
istrating the highest dose (100 µg). The average radiant 
efficiencies suggest that mAb targeting B7-H3 reaches the 
tumor quickly. We could observe a plateau from 4 to 72 h 
after administration (Fig. 3D). Ex vivo imaging analysis 
of different organs 72 h post mAb administration shows 
that tumors treated with mAb display a high fluorescence 
signal (Fig. 3E and F). These data indicate that anti-B7-H3 
mAb accumulated mostly in 143B tumors.

Anti‑FITC CAR T cells show in vitro a high migratory 
capacity to OS cell lines

As CAR T cell trafficking to solid tumors is one the main 
challenges for this therapy, we wanted to evaluate in vitro the 
migratory capacity of anti-FITC CAR T cells to OS cell lines. 
For that purpose, we performed chemotaxis assays adding 

anti-FITC CAR T cells in the transwell chamber over OS cell 
lines preincubated or not with anti-B7-H3-FITC mAb (Fig. 4).

We measured CAR T cell migration in response to OS 
cell lines by flow cytometry. Independently of mAb incu-
bation, anti-FITC CAR T cells showed a higher migratory 
capacity to OS cells comparing to basal condition (Fig. 4). 
These results suggest that CAR T cell migration is efficient 
in response to OS cell lines.

Anti‑FITC CAR T cells target 143B tumor‑bearing 
mice

Once we confirmed the accumulation of anti-B7-H3 mAb at 
the tumor and the ability in vitro of anti-FITC CAR T cells 
to migrate to OS tumor cells, we monitored anti-FITC CAR 
T cell trafficking in 143B tumor-bearing mice. Based on 
our previous biodistribution results, we first administrated 
PBS or 100 µg of anti-B7-H3-FITC mAb intraperitoneally. 
Next day, we injected DiR-labeled anti-FITC CAR T cells 
intravenously and we tracked the biodistribution at differ-
ent time points using living imaging (Fig. 5A). We also 
performed ex vivo imaging of OS tumors harvested at the 
same points (Fig. 5C). Imaging results indicate that DiR-
labeled anti-FITC CAR T cells have already targeted 143B 
tumors at 3 h, achieving the peak at 24 h (Fig. 5B). We 
did not observe significant differences in the average radi-
ant efficiency between those mice treated with anti-FITC 
CAR T cells receiving intraperitoneal injection of PBS or 
anti-B7-H3-FITC mAb. Ex vivo imaging analysis of 143B 

Fig. 1  B7-H3 expression on 
human OS cell lines. A Dia-
gram that shows the second-
generation fully human anti-
FITC CAR construct domains. 
B Schematic representation of 
our model using a switchable 
CAR T cell strategy based on 
an anti-B7-H3 mAb conjugated 
with FITC and anti-FITC CAR 
T cells. C B7-H3 expression 
is determined on different OS 
human cell lines by flow cytom-
etry. Soft gray: negative control, 
dark gray: anti-B7-H3 stained
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tumors (Fig. 5C) confirm the capacity of DiR-labeled anti-
FITC CAR T cells to reach the tumor independently of the 
presence of the switch adaptor.

Anti‑FITC CAR T cells exhibit antitumor activity 
in an OS mouse model

We next assessed the activity of anti-FITC CAR T cells in 
143B tumor-bearing mice (Fig. 6A). Measuring tumor size 
regularly, we observed that the administration of anti-B7-
H3-FITC mAb alone does not induce an antitumor effect 
compared to PBS. Neither the injection of anti-FITC CAR 
T cells in absence of mAb (Fig. 6B). However, those mice 
treated with both, anti-B7-H3-FITC mAb and anti-FITC 
CAR T cells, exhibited a significant delay in the tumor 
growth (Fig. 6B). In this line, anti-B7-H3-FITC mAb and 
anti-FITC CAR T cells treatment shows a lower kinetics of 
tumor growth measured as AUC (Fig. 6C) and a higher anti-
tumor activity (Fig. 6D) compared to the other groups. These 
results demonstrate that, in our OS model, the antitumor 
effect of anti-FITC CAR T cells is switch-dependent, only 
exhibiting antitumor activity when the adaptor is present.

Discussion

Despite the success of CAR T cell therapy treating hemat-
opoietic malignancies, the results reported on clinical trials 
for treating solid tumors are no so promising. Some of the 
key factors limiting the efficacy of CAR T cells on solid 
tumor are lacking of tumor-specific antigens and immune 
scape, homing of CAR T cells once infused and an inhibitory 
tumor microenvironment that lead to CAR T cell exhaustion 
[7]. Here, we have explored some of these limitations using 
a universal CAR T cell strategy. As we have mentioned pre-
viously, anti-tag CAR T cell activation is controlled by a 
switch molecule that recognizes tumor-associated antigens 
[14]. Our results show that using anti-FITC CAR T cells 
would allow targeting different tumor antigens, simultane-
ously or sequentially, changing the molecular adaptor. Thus, 
one of the main advantages of these switchable CAR T cells 
is avoiding immune evasion and antigen-loss escape prevent-
ing relapse or refractory tumors [24]. Antitumor activity of 
anti-tag CAR T cells has been probed in different types of 
tumors. Several adaptors conjugated with FITC have been 
tested including Ab in clinical use [15], Ab-based switches 
[24] or small molecules such as folate [13]. Actually, a 

Fig. 2  Antitumor activity of anti-FITC CAR T cells. GFP-express-
ing tumor cells stained (anti-B7-H3-FITC mAb, red) or not (PBS, 
blue) are cocultured with resting anti-FITC CAR T cells at dif-
ferent effector: target (E:T) ratios for 48  h. A Living tumor cells 
 (CD45−GFP+7AAD−) are determined by flow cytometry. The nor-
malization of anti-B7-H3-FITC mAb to PBS is shown. B IFNɣ 

and TFNα levels are tested by ELISA in the cocultured superna-
tants. All data are represented as mean ± SD of independent experi-
ments with CAR T cells from at least 3 different donors. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by two-way ANOVA 
with Sidak post hoc test
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phase I clinical trial with FITC-specific CAR T cells against 
folate-FITC for osteogenic sarcoma patients is being running 
(NCT05312411). Here, we propose anti-FITC CAR T cells 
as a proof of concept of a switchable strategy for target-
ing B7-H3+ OS in preclinical studies. As translation to the 
clinic of anti-FITC CAR T cells has been disputed because 
of the immunogenicity of FITC [15], different approaches 
based on non-immunogenic peptides such as anti-5B9 [16, 
25, 26] and anti-peptide neo-epitopes (PNE) [17] CAR T 
cells have been created. Currently, PNE-based switchable 
CAR T cell strategy is being evaluated in a phase 1 clinical 
trial for the treatment of patients with relapsed or refrac-
tory B-cell malignancies with promising preliminary results 
(NCT04450069).

Finding a target highly expressed in the tumor but barely 
expressed on normal cells is essential for the success of the 
treatment. In this study, we propose anti-B7-H3 mAb as an 
adaptor recognizing OS tumor cells. B7-H3 is emerging as a 
potential target in immunotherapies. Most of pediatric solid 
tumors, including sarcomas, express B7-H3, and its expres-
sion is homogeneous [11, 20]. This fact is very important in 
CAR T cell therapy since the tumor target heterogeneity is 
one of the main reasons for therapy failure. In this line, OS 
is genomically complex and especially heterogeneous, as 
Sweet-Cordero group has recently confirmed [27].

We demonstrated that B7-H3 might also be a target for 
universal CAR T cells. All OS cell lines tested in our labora-
tory express B7-H3 and FITC-specific CAR T cell display 

Fig. 3  anti-B7-H3 mAb biodistribution in a NSG mice model. A 
Schematic representation of experimental design. PBS or differ-
ent doses of anti-B7-H3 mAb (clone 8H9) labeled with Alexa Fluor 
647 is administrated by intraperitoneal injection (IP) to NSG mice-
bearing 143B tumors. B and D Tumors are imaged at different time 
points using IVIS imaging system. Representative IVIS image and 
mean ± SD of average radiant efficiency are shown. *,  P < 0.05; 
**, P < 0.01; ***, P < 0.001 by two-way ANOVA with Tukey (B) and 
Sidak (D) post hoc test. C B7-H3 expression on ex vivo tumor cells is 

evaluated by flow cytometry at 72 h. Solid histograms (left) represent 
the expression of B7-H3 on 143B cells. One representative profile per 
group is shown. Graph (right) shows the mean fluorescence intensi-
ties (MFI) mean ± SD of at least 3 mice. **,  P < 0.01; by one-way 
ANOVA with Tukey post hoc test. E Ex vivo imaging of OS tumors 
and the organs indicated after 72 h of PBS or anti-B7-H3 Alexa Fluor 
647 administration. F Quantification of total radiant efficiency of 
ex vivo imaging (mean ± SD) *, P < 0.05 by two-way ANOVA with 
Sidak post hoc test
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antitumor activity in vitro and in vivo only when B7-H3-
FITC mAb is present.

Interestingly, B7-H3 has been proposed as an alterna-
tive immune checkpoint that leads to T cell exhaustion [28], 
another of the challenges to overcome for CAR T therapy 
in solid tumors. The continuous activation, due to persis-
tent antigen stimulation, leads CAR T cells to this stage 
where they loss antitumor capacity. Immunotherapy against 
cancer includes the use of immune checkpoint inhibitors. 
mAb against programmed cell death protein 1 (PD-1) and 
cytotoxic T-lymphocyte associated antigen 4 (CTLA-4) 
show clinical success in several tumors. However, PD-1 or 
CTLA-4 mAb for treating OS has not been reported clinical 
efficacy [29]. Therefore, it is necessary to find alternatives. 
mAb and ADC therapy against B7-H3 has been studied in 
preclinical studies, and Enoblituzumab antibody has been 
tested in a phase 1 clinical trial in pediatric solid tumor 
including osteosarcoma (NCT 02982941).

Using an anti-B7-H3 mAb might overcome two obsta-
cles, recognizing tumor cells for CAR T cell activation and 

Fig. 4  CAR T cell migration in  vitro to osteosarcoma cell lines. 
Chemotaxis assay is performed adding starving CAR T cells in tran-
swell chambers over osteosarcoma cell lines preincubated (red) or not 
(blue) with anti-B7-H3-FITC mAb. Basal and positive control (FBS) 
are included. After 4  h, CAR T cells migrated are collected and 
counted by flow cytometry. Migration index mean ± SD of independ-
ent experiments from three different donor is shown

Fig. 5  CAR T migration in vivo to 143B tumors. A Schematic rep-
resentation of experimental design. PBS (blue) or 100  μg of anti-
B7-H3-FITC mAb (red) is administrated by intraperitoneal injection 
(IP) (-24H) to 143B tumor-bearing NSG mice. Next day (0H), PBS 
(light blue = A) or 1 ×  106 DiR-labeled CAR T cells (dark blue = B, 
dark red = C) are intravenously injected (IV). B DiR-labeled CAR 
T cells homing is determinate by IVIS imaging system at indicated 

time points. Representative images are shown. Average radiant effi-
ciency on tumor region is analyzed, and the mean ± SD of at least 
three mice is represented. *,  P < 0.05; **,  P < 0.01; ***,  P < 0.001; 
****,  P < 0.0001 by two-way ANOVA with Tukey  post hoc  test. C 
Ex vivo imaging by IVIS of DiR-labeled CAR T cells on tumors col-
lected at different time points
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enhancing CAR T cell function avoiding inhibition and 
exhaustion. We hypothesize that combining mAb targeting 
B7-H3 and universal CAR T cells, might boost CAR T cell 
function. However, further analysis addressing the function 
of anti-B7-H3 mAb in combination with universal CAR 
T cells is necessary. Our results show that treatment with 
B7-H3 mAb by itself does not have an antitumoral effect in 
our in vivo model. The fact that NSG mice are immunode-
ficient model may explain the lack of antitumor effect using 
B7-H3 mAb in absence of CAR T cells.

Controlling CAR T cell activation is important to limit 
off-tumor toxicity. Universal CAR T cell activity may be 
regulated by modifying dose and administration time of 
the switch. However, our results suggest that a mAb would 
not be recommended in this sense. Our imaging and flow 
cytometry results demonstrate that anti-B7-H3 mAb reaches 
143B tumors at short times, and the fluorescence signal is 
maintained at 72 h. Therefore, we consider that CAR T cell 
toxicity might not be reversed quickly using a mAb strat-
egy, unless FITC-labeled nonspecific mAb or free sodium 
fluorescein are used [13, 15]. Other molecular adaptors 

Fig. 6  In vivo efficacy of CAR T cell treatment in OS tumors. A 
Schematic illustration of in vivo experimental design. PBS (blue) or 
100 μg mAb anti-B7-H3-FITC mAb (red) is administrated by intra-
peritoneal injection (IP) (D-1) to NSG mice-bearing 143B tumors. 
Next day (D0), intravenous injection of PBS (light blue = A, light 
red = B) or 5 ×  106 CAR T cells (dark blue = C, dark red = D) is per-
formed (IV). PBS or anti-B7-H3-FITC mAb (50  μg; red arrows) is 
administrated every 3–4 days. Legend on the right indicates the dif-
ferent conditions. B Follow-up of tumor growth in mice treated with 

different conditions represented as mean + SEM (left) and individ-
ual values (right). *, P < 0.05 by one-way ANOVA with Tukey post 
hoc test. C Graphs on the left represent the individual areas under the 
curve (AUC) calculated from tumor growth of mice treated with dif-
ferent conditions. Little graph on the right upper corner represents the 
AUC expressed as mean + SD. *, P < 0.05 by one-way ANOVA with 
Tukey post hoc test. D Graph shows antitumor activity mean + SD of 
different condition related to PBS + PBS (A) group. **, P < 0.01 by 
one-way ANOVA with Tukey post hoc test
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have been proposed with that purpose, for example Ab-
based switches with relatively short half-life [30] or PNE 
switches [17] which are being tested in a phase 1 clinical 
trial in patients with relapsed/refractory B-cell malignan-
cies (NCT04450069). Preliminary results of this clinical 
trial show an improvement of the resolution of adverse event 
holding or reducing the dose of the switch adjusting CAR T 
cell activity in real time.

Furthermore, CAR T cell homing is critical for the suc-
cess of the therapy and a major challenge. In this sense, we 
analyze the ability for anti-FITC CAR T cell administrated 
intravenously to reach 143B tumors. Through in vivo imag-
ing techniques, we observed that DiR-labeled anti-FITC 
CAR T cells traffic to tumor site, even when mAb has not 
been administrated. These results suggest that the presence 
of the molecular adaptor is not necessary for CAR T cell 
migration, but it is essential for activation and antitumor 
function of anti-FITC CAR T cells.

In summary, our studies show that anti-FITC CAR T cells 
induce antitumor effect in vitro and in vivo and might work 
as a proof of concept for preclinical studies in solid tumor 
models. Moreover, we demonstrate that B7-H3 is an inter-
esting candidate for designing adaptors in anti-tag CAR T 
strategies. Finally, we consider that a switchable CAR T 
platform might be a versatile tool for OS treatment.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00262- 023- 03437-z.

Acknowledgements This research was funded by Instituto de Salud 
Carlos III (ISCIII): PI20CIII-00040 and RD21/0017/0005, Red Espa-
ñola de Terapias Avanzadas TERAV-ISCIII (NextGenerationEU. Plan 
de Recuperación Transformación y Resiliencia), the Asociación Pablo 
Ugarte, the Fundación Oncohematología Infantil and AFANION for 
grants support. LH is beneficiary of a grant under the Talent Attrac-
tion Program of the Comunidad de Madrid (2018-T2/BMD-10337). 
AM-M is beneficiary of a grant under the PhD ISCIII-PFIS program 
(FI18CIII/00017) and is a member of the PhD Program in Molecular 
Biosciences of Universidad Autónoma de Madrid. PR-G is enrolled in 
the Doctoral Program in Biomedical Sciences and Public Health as a 
trainee researcher at the UNED International Doctoral School. Anti-
FITC CAR single chain variable fragment (scFv) encoding plasmid 
was kindly provided by Dr. Michael Jensen from Seattle Children´s 
Research Institute, Washington, USA. The authors wish to thank the 
donors, and the Biobank Hospital Universitario Puerta de Hierro 
Majadahonda (HUPHM)/Instituto de Investigación Sanitaria Puerta de 
Hierro-Segovia de Arana (IDIPHISA) (PT17/0015/0020 in the Span-
ish National Biobanks Network) for the human specimens used in this 
study. Images for the graphical scheme of experiments were obtained 
and modified from SMART—Servier Medical Art under a Creative 
Common Attribution 3.0 Unported License.

Author contributions Study concept and design were contributed 
by LH and JG-C; Acquisition of data was contributed by LH, BS-C, 
M.A.R-M, PR-G and AM-M; Data analyses were contributed by LH, 
BS-C, M.A.R-M, PR-G and AM-M; Interpretation of data was contrib-
uted by LH, BS-C, M.A.R-M, PR-G, AM-M and JG-C; Drafting of the 
manuscript was contributed by LH, BS-C and JG-C; Critical revision 
of the manuscript for important intellectual content was contributed 

by LH, M.A.R-M and JG-C. All authors approved the final version of 
the manuscript.

Declarations 

Conflict of interest The authors declare that no competing interests 
exist.

Ethical approval All procedures involving animals were approved by 
the Animal Research and Welfare Ethics Committee of the Instituto de 
Salud Carlos III and Comunidad de Madrid (PROEX 133.7/21). All 
protocols displayed were approved by Ethics Committee Research of 
the Instituto de Salud Carlos III (CEI PI 75_2019) under the project 
titled CAR T cells studies for solid tumors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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 licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence 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 licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Mirabello L, Troisi RJ, Savage SA (2009) Osteosarcoma incidence 
and survival rates from 1973 to 2004: data from the surveillance, 
epidemiology, and end results program. Cancer 115:1531–1543

 2. Ottaviani G, Robert RS, Huh WW, Jaffe N (2009) Functional, 
psychosocial and professional outcomes in long-term survivors of 
lower-extremity osteosarcomas: amputation versus limb salvage. 
Cancer Treat Res 152:421–436

 3. Taran SJ, Taran R, Malipatil NB (2017) Pediatric Osteosarcoma: 
an updated review. Indian J Med Paediatr Oncol 38:33–43

 4. Walker AJ et al (2017) Tumor antigen and receptor densities regu-
late efficacy of a chimeric antigen receptor targeting anaplastic 
lymphoma kinase. Mol Ther 25:2189–2201

 5. Majzner RG, Mackall CL (2018) Tumor antigen escape from CAR 
T-cell therapy. Cancer Discov 8:1219–1226

 6. Skovgard MS et  al (2021) Imaging CAR T-cell kinetics in 
solid tumors: Translational implications. Mol Ther Oncolytics 
22:355–367

 7. Rodriguez-Garcia A, Palazon A, Noguera-Ortega E, Powell DJ, 
Guedan S (2020) CAR-T cells hit the tumor microenvironment: 
strategies to overcome tumor escape. Front Immunol 11:1109

 8. Ahmed N et al (2015) Human epidermal growth factor receptor 
2 (HER2) -specific chimeric antigen receptor-modified T cells 
for the immunotherapy of HER2-positive sarcoma. J Clin Oncol 
33:1688–1696

 9. Long AH et al (2016) Reduction of MDSCs with all-trans retinoic 
acid improves CAR therapy efficacy for sarcomas. Cancer Immu-
nol Res 4:869–880

 10. Huang G et al (2012) Genetically modified T cells targeting inter-
leukin-11 receptor α-chain kill human osteosarcoma cells and 
induce the regression of established osteosarcoma lung metasta-
ses. Cancer Res 72:271–281

https://doi.org/10.1007/s00262-023-03437-z
http://creativecommons.org/licenses/by/4.0/


2633Cancer Immunology, Immunotherapy (2023) 72:2623–2633 

1 3

 11. Majzner RG et al (2019) CAR T cells targeting B7-H3, a pan-can-
cer antigen, demonstrate potent preclinical activity against pediat-
ric solid tumors and brain tumors. Clin Cancer Res 25:2560–2574

 12. Fernández L et al (2017) Memory T cells expressing an NKG2D-
CAR efficiently target osteosarcoma cells. Clin Cancer Res 
23:5824–5835

 13. Lu YJ et al (2019) Preclinical evaluation of bispecific adaptor mol-
ecule controlled folate receptor CAR-T cell therapy with special 
focus on pediatric malig-nancies. Front Oncol 9:151

 14. Liu D, Zhao J, Song Y (2019) Engineering switchable and pro-
grammable universal CARs for CAR T therapy. J Hematol Oncol 
12:69

 15. Tamada K et al (2012) Redirecting gene-modified T cells toward 
various cancer types using tagged antibodies. Clin Cancer Res 
18:6436–6445

 16. Cartellieri M et al (2016) Switching CAR T cells on and off: a 
novel modular platform for retargeting of T cells to AML blasts. 
Blood Cancer J 6:e458

 17. Rodgers DT et al (2016) Switch-mediated activation and retarget-
ing of CAR-T cells for B-cell malignancies. Proc Natl Acad Sci U 
S A 113:E459-468

 18. Suh WK et al (2003) The B7 family member B7–H3 preferentially 
down-regulates T helper type 1-mediated immune responses. Nat 
Immunol 4:899–906

 19. Prasad DV et al (2004) Murine B7-H3 is a negative regulator of 
T cells. J Immunol 173:2500–2506

 20. Wang L et al (2013) B7-H3 is overexpressed in patients suffer-
ing osteosarcoma and associated with tumor aggressiveness and 
metastasis. PLoS ONE 8:e70689

 21. Seaman S et al (2017) Eradication of tumors through simultaneous 
ablation of CD276/B7-H3-positive tumor cells and tumor vascu-
lature. Cancer Cell 31:501-515.e508

 22. Scribner JA et al (2020) Preclinical development of MGC018, a 
duocarmycin-based antibody-drug conjugate targeting B7-H3 for 
solid cancer. Mol Cancer Ther 19:2235–2244

 23. Duan F et al (2012) Area under the curve as a tool to measure 
kinetics of tumor growth in experimental animals. J Immunol 
Methods 382:224–228

 24. Ma JS et al (2016) Versatile strategy for controlling the specific-
ity and activity of engineered T cells. Proc Natl Acad Sci U S A 
113:E450-458

 25. Pishali Bejestani E et al (2017) Characterization of a switchable 
chimeric antigen receptor platform in a pre-clinical solid tumor 
model. Oncoimmunology 6:e1342909

 26. Feldmann A et al (2017) Retargeting of T lymphocytes to PSCA- 
or PSMA positive prostate cancer cells using the novel modular 
chimeric antigen receptor platform technology “UniCAR.” Onco-
target 8:31368–31385

 27. Sayles LC et al (2019) Genome-informed targeted therapy for 
osteosarcoma. Cancer Discov 9:46–63

 28. Cai D et al (2020) Tumor-expressed B7–H3 mediates the inhibi-
tion of antitumor T-cell functions in ovarian cancer insensitive to 
PD-1 blockade therapy. Cell Mol Immunol 17:227–236

 29. Chen C et al (2021) Immunotherapy for osteosarcoma: fundamen-
tal mechanism, rationale, and recent breakthroughs. Cancer Lett 
500:1–10

 30. Raj D et al (2019) Switchable CAR-T cells mediate remission in 
metastatic pancreatic ductal adenocarcinoma. Gut 68:1052–1064

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


	Switchable CAR T cell strategy against osteosarcoma
	Abstract
	Introduction
	Material and methods
	Anti-B7-H3 monoclonal antibody production
	Cell lines
	PBMC and T cell isolation
	Lentiviral vector generation and anti-FITC CAR T cells transduction
	Cell-mediated cytotoxicity in vitro assay
	In vitro chemotaxis assay
	Mice
	In vivo mAb B7-H3 biodistribution
	Anti-FITC CAR T cell homing
	Xenograft antitumor responses
	Flow cytometry
	Statistical analyses

	Results
	Osteosarcoma cell lines expressing B7-H3
	In vitro antitumor activity
	Anti-B7-H3 mAb binds 143B tumor in an in vivo model
	Anti-FITC CAR T cells show in vitro a high migratory capacity to OS cell lines
	Anti-FITC CAR T cells target 143B tumor-bearing mice
	Anti-FITC CAR T cells exhibit antitumor activity in an OS mouse model

	Discussion
	Anchor 25
	Acknowledgements 
	References




