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Abstract: Since the prognosis for children with high-risk osteosarcoma (OS) remains suboptimal despite intensive 
multi-modality therapies, there is a clear and urgent need for the development of targeted therapeutics against 
these refractory malignancies. Chimeric antigen receptor (CAR) modified T cells can meet this need by utilizing 
the immune system’s potent cytotoxic mechanisms against tumor specific antigen targets with exquisite specific-
ity. Since OS highly expresses the GD2 antigen, a viable immunotherapeutic target, we sought to assess if CAR 
modified T cells targeting GD2 could induce cytotoxicity against OS tumor cells. We demonstrated that the GD2 CAR 
modified T cells were highly efficacious for inducing OS tumor cell death. Interestingly, the OS cells were induced 
to up-regulate expression of PD-L1 upon interaction with GD2 CAR modified T cells, and the specific interaction in-
duced CAR T cells to overexpress the exhaustion marker PD-1 along with increased CAR T cell apoptosis. To further 
potentiate CAR T cell killing activity against OS, we demonstrated that suboptimal chemotherapeutic treatment with 
doxorubicin can synergize with CAR T cells to effectively kill OS tumor cells.
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Introduction

Despite intensive multi-modality therapies em- 
ployed in the treatment of osteosarcoma (OS) 
that encompass adjuvant chemotherapy cou-
pled with maximal surgical resection including 
extremity amputation and/or hemipelvectomy, 
the prognosis for children with high risk dis-
ease remains suboptimal with overall survivals 
ranging from 20-40% [1-3]. OS requires local 
control, but remains relatively radio-resistant 
making surgical resection paramount for reduc-
ing primary tumor burden [4]. However, aggres-
sive surgical resection in the up-front setting 
may have significant morbidity giving credence 
to neo-adjuvant chemotherapy. This allows 

post-surgical resections to be more manage-
able while prognosticating a patient’s risk  
category based on the percentage of tumor 
necrosis [5]. Nonetheless, patients with unre-
sectable disease and/or metastatic disease 
have an ominous overall prognosis. Therapeutic 
options in this patient population are limited to 
alternative cytotoxic chemotherapeutic agents 
and small molecule inhibition, but all with 
unproven benefit [6-9]. Since the toxicity of sys-
temic standard of care approaches leaves the 
few survivors of high risk OS with significant 
morbidity and life-long disabilities, there is a 
clear and urgent need for the development of 
targeted therapeutics against these refractory 
malignancies.  
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Chimeric antigen receptor (CAR) modified T 
cells can meet this need by utilizing the immune 
system’s surveillance capacity and potent cyto-
toxic mechanisms against tumor cells with 
exquisite specificity [10]. CAR modified T (CART) 
cells have already been leveraged in a host of 
refractory pediatric malignancies with promis-
ing therapeutic outcomes but require a tumor 
specific target to engender efficacious res- 
ponses [11, 12]. Since osteosarcoma highly 
expresses the GD2 antigen, this can serve as 
an important target for cellular therapeutics 
[8]. Meanwhile, GD2 expression has been uti-
lized for immunotherapeutic intervention in 
neuroblastomas with promising results, and 
there is data suggesting that GD2 expression in 
OS may supersede its expression in neuroblas-
toma [13-15]. Based on these findings, we 
sought to assess if CAR modified T cells target-
ing GD2 were a viable therapeutic modality 
against OS tumor cell lines.

In this study, we established and compared 
several single chain monoclonal antibody-
derived GD2 CARs and demonstrated that  
OS cells expressing high levels of GD2 (>80%) 
can be effectively targeted and killed by GD2 
CART cells. However, OS cells were induced to 
up-regulate PD-L1, which in turn promoted 
apoptotic cell death of GD2 CART cells coupled 
with overexpression of PD-1. To further po- 
tentiate activity against OS, we further demon-
strated that suboptimal dose of doxorubicin 
treatment synergized with CART cells to kill  
OS cells. To our knowledge, this is the first 
report demonstrating utility and efficacy of 
anti-GD2 CART cells against OS that can be 
enhanced through synergistic application with 
chemotherapy.

Materials and methods

Cell lines

Osteosarcoma cell lines HOS and U2OS cells 
were obtained from American Type Culture 
Collection (ATCC, Manassas VA, USA) and pri-
mary OS cells OS156 and OS758 cells were gift 
of Dr. Lori Rice. OS cells were cultured at 37°C 
in 5% CO2 atmosphere in Dulbecco’s modified 
eagle medium (DMEM), supplemented with 
10% fetal bovine serum, 1% penicillin and 1% 
streptomycin (Gibco, Life Technologies, CA, 
USA).

Antibodies and chemicals 

PE conjugated anti-GD2, anti-PD1, and mou- 
se IgG2a antibodies, and PE-Cy7 conjugated 
mouse IgG1κ antibody were purchased from 
BD Biosciences, CA, USA. The PE-Cy7 conjugat-
ed anti-PD-L1 antibody was purchased from 
eBiosciences, CA, USA. Carboplatin and ifos-
famide were purchased from Sigma-Aldrich (St 
Louis, MO, USA), and etoposide and doxorubix-
in were purchased from LC Laboratories 
(Woburn, MA, USA). All drugs were dissolved in 
DMSO except for carboplatin, which was dis-
solved in sterile water. All drugs were adjusted 
to 10 mM as stock concentration. The drug 
stocks were aliquoted and kept at -80°C avoid 
light until use. MTT powder was purchased 
from Sigma. Stock MTT solution was prepared 
by dissolving MTT powder in sterile PBS at the 
concentration of 5 mg/ml. Stock MTT solution 
was kept the same way as the stock drugs.

Flow cytometry analysis of surface antigens 

OS cell lines or primary OS cells were grown to 
80-90% confluency and harvested using 2.5-
5.0 mM EDTA. The cells were blocked with 10% 
human-mouse serum (1:1) in FACS buffer, 2% 
FBS, 0.1% NaN3 in PBS, at 4°C for 30 minutes 
and stained with anti-GD2 or anti-PD-L1 fluo-
rescence conjugated antibody at 4°C for 30 
minutes in the dark. After staining, the cells 
were washed with FACS buffer and fixed with 
1% paraformaldehyde in PBS. GD2 or PD-L1 
surface expression were detected by BD LSRII 
flow cytometer and analyzed with FlowJo 
(FLOWJO, LLC, BD Biosciences). Percentage of 
ligand expression and mean fluorescence index 
(MFI) were determined by subtraction back-
ground obtained from isotype control.

Construction of 4th generation GD2 CAR lenti-
viral vectors

Lentiviral vectors were generated using the 
NHP/TYF lentiviral vector system as previously 
described [16, 17]. DNA sequences of Anti-GD2 
CAR clones hu3F8, c.60C3 and hu14.18 [15, 
18, 19] were human codon-optimized chemi-
cally synthesized and cloned into the lentiviral 
vector pTYF and packaged into lentiviral parti-
cles for gene transfer. The hu3F8 and hu14.18 
mAbs have been tested in clinical trials and 
c.60C3 has been reported to be highly tumor-
specific [15, 18, 19]. The monomer GFP wasabi 
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gene is a gift of Dr. Jiwu Wang (Allele Biotech). 
The final lentiviral constructs were verified  
by restriction enzyme mapping and DNA 
sequencing. 

All three GD2 CAR sequences were construct- 
ed into a 4th generation lentiviral CAR design 
(4SCAR) as compared with the earlier genera-
tions of CAR design as illustrated in Figure 1. 
The 4SCAR incorporated several intracellular T 
cell signaling motifs including CD28 trans-
membrane and cytoplasmic domain, the co-
stimulatory 4-1BB intracellular TRAF binding 
domain, the CD3ζ chain intracellular domain, 
and an inducible self-destructive caspase 9 
genetic cassette (4SCAR-GD2). 

Blood donors, PBMC isolation and T cell acti-
vation

Healthy donor blood buffy coats were obtained 
from Civitan blood center, and osteosarcoma 
patients’ blood samples were from Shands hos-
pital with approval from the Institutional Review 
Board (IRB-01) of University of Florida. PBMC 
were isolated using Ficoll-Paque plus (GE 
Healthcare). T cells were activated using anti-
CD3 and anti-CD28 antibody-conjugated mag-
netic beads or phytohemagglutinin (PHA). The T 
cells were maintained in TexMACS (Miltenyi 
Biotec Inc, San Diego, CA) or AIM-V (Invitrogen, 

(E:T) ratio. The co-cultured cells were monitored 
for OS cell death either by flow cytometry or 
under fluorescence microscope (Zeiss Axiovert 
25) and photographed.

For flow cytometer analysis of cell death, the 
cells were harvested using EDTA as described. 
The harvested cells were washed once with 
PBS and stained with Annexin V-V450 (BD 
Biosciences) and propidium iodide (Sigma) for 
10 minutes at room temperature. Data were 
collected by BD LSRII flow cytometer and ana-
lyzed with FlowJo. The difference of OS cell 
death between anti-GD2 CART cells and con-
trol-CART cells was analyzed by independent 
t-test with p value < 0.05 being significant. 
Percent specific lysis of target cells was calcu-
lated based on the following formulation [21]: % 
specific lysis = (% apoptosis of target cell - % 
spontaneous cell apoptosis)/(100% - % sponta-
neous cell apoptosis) × 100. 

PD-L1 surface staining of the co-cultured cells

The co-cultured OS cells and CART cells were 
stained for PD-L1 expression and analyzed 
using BD LSRII flow cytometer and FlowJo soft-
ware. Percentage of PD-L1 expression and 
mean fluorescence index (MFI) were deter-
mined by subtraction of background isotype 

Figure 1. Illustration of 4SCAR-GD2 lentiviral vector system. The NHP/TYF 
lentivector system was used for packaging of the 4SCAR-GD2 vectors. The 
2nd, 3rd, and 4th generation of CAR lentivectors are illustrated. All three differ-
ent anti-GD2 scFv genes were cloned into the 4SCAR vector linked to mul-
tiple intracellular signaling domains and fused with an inducible caspase 9 
gene cassette (iCasp9).

Thermo Fisher Scientific, Wa- 
ltham, MA) supplemented wi- 
th interleukin-2, -7 and -15  
as previously described [20]. 
Phenotype analysis of the  
activated cells were verified to 
confirm T cell purity. After 
expansion for two to six days, 
the T cells were transduced 
with lentiviral CAR vectors and 
evaluated killing function.

Osteosarcoma cell killing as-
say

GFP-positive OS cells were 
prepared as single cell sus-
pension. The cells were resu- 
spended in DMEM growth 
medium and seeded into 
48-well plate at 3 × 104 cells/
well and cultured at 37°C in 
5% CO2 for 2 hours. Anti-GD2 
CAR-modified T cells were 
added to the wells of OS cells 
at various effecter to target 
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control. The difference of MFI was analyzed by 
independent T test with p value < 0.05 being 
significant.

Chemotherapeutic drug cytotoxic assay

HOS cells were seeded at 1 × 105 cells in 96 
well culture plate for one day before treatment. 
The working drugs were prepared by diluting 
the stock drugs in 10% FBS DMEM. Two fold 
dilution range of 54.0-3.8 µM of carboplatin, 
8,000-500 µM of ifosfamide, 2.0-0.125 µM 
etoposide and 0.25-0.0156 µM doxorubicin 
were freshly prepared before use. Cell culture 
media were replaced with the drug containing 
media at the final volume of 100 µl in triplicate 
wells. Cells added with 0.01-DMSO v/v and 
medium alone were included as a solvent con-
trol and a blank control, respectively. 

After 3-day treatment, cell viability was mea-
sured by MTT assay. The stock MTT solution 
was added to the final concentration of 0.5 mg/
ml per well and incubate for 4 hrs. The crystals 
were dissolved by adding 100 ul of acidified iso-
propanol and mix until homogeneous. The 
absorbance was measure using Cary® 50 
UV-Vis spectrophotometer plate reader (Agilent 
Technologies) at 570 nM for test and 640 nM 
for reference. The cell viability was calculated 
as [(Drugtest - Drugreference) - (Blanktest - 
Blankreference)]/[(Controltest - Controlreferen- 
ce) - (Blanktest - Blankreference)] × 100%.

Dose response curve and IC50 were plotted 
and calculated using GraphPad PRISM® 
according to nonlinear fit curve analysis.

Cytotoxic assay of chemotherapeutic drugs 
and anti-GD2 CART cells 

HOS cells were pre-treated with chemothera-
peutic drugs before co-cultured with anti-GD2 
CART cells. The drugs were used at the sub 
toxic concentration including 2 µM of carbopla-
tin, 240 uM of ifosfamide, 100 µM of etoposide 
and 10 µM of doxorubicin. After 24 hours of 
treatment the drugs were removed and the 
cells were washed twice with sterile PBS. Anti-
GD2 CART cells were then added to the drug-
treated target cells at the E:T ratio of 1:2 with 
one half of 10% FBS DMEM and one half of 
TexMACS media. Twenty four hours after co-
culture, cell death was determined by annexin 
V/PI staining and viability and caspase 3/7 
activity multiplex assay. 

For the caspase activity, ApoLive-Glo™ Multi- 
plex Assay kit (Promega) was used to determine 
the cellular viability and caspase 3/7 activity 
level. Briefly, 10 µl of viability reagent was 
added to the culture, incubated for 1 hour in 
dark on 4°C followed by measuring the flores-
cent viability signal. Subsequently, 100 µl of 
caspase 3/7 reagent was simultaneously add- 
ed in the same wells, incubated for another 1 
hour in dark on 4°C followed by measuring  
the luminescent caspase 3/7 activity signal. 
Both fluorescent and luminescent signal were 
detected using Appliskan® Filter-Based Multi- 
mode Microplate Readers (Thermo Scientific). 
Cellular viability and caspase 3/7 activity were 
expressed as RFU and RLU, respectively.

Results

Detection of GD2 expression in sarcomas

Two OS cell lines, HOS and U2OS cells, and  
two OS primary cells, OS156 and OS758, were 
analyzed for surface expression of GD2 by  
flow cytometry. GD2 expression was detected 
80.1%, 99%, 94.3% and 48% on U2OS, HOS, 
OS156 and OS758 cells, with MFI of 7,066, 
26,496, 72080, and 5212, respectively (Figure 
2A-D). Survey of GD2 expression in surgical 
specimens by immunohistochemical staining, 
including osteosarcoma, rhabdomyosarcoma, 
and Ewing’s sarcoma showed that most sarco-
mas express GD2 (Figure 2E). Therefore, GD2 
appears to be a good target antigen for immu-
notherapy of sarcomas.

Functional evaluation of GD2-CARs based on a 
rapid killing assay  

To evaluate CART functions, we used a simpli-
fied target cell-killing assay using lentiviral 
green fluorescence (wasabi GFP) labeled sar-
coma cells. CAR-modified T (CART) cells were 
incubated with GD2-positive green sarcoma 
cells at different effector/target (E/T) ratios, 
and at various time points, the cultured cells 
were analyzed by flow cytometry after staining 
with annexin V and propidium iodide (PI). Figure 
3A illustrates the killing assay; the target cell 
death is detected by the disappearance of 
green cells as shown by change in E/T ratios 
and increased apoptotic and PI-stained dead 
cells. The cells in Q1 are living cells, Q2 illus-
trates early apoptotic cells, Q3 illustrates late 
apoptotic stage, and Q4 illustrates dead cells. 
Based on this assay, we compared the three 
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GD2 CARs and the results indicated that the 
hu3F8 and hu14.18 CART cells killed target 
cells at similar efficiencies but the c.60C3 GD2-
CART did not show any target killing effects 
(Figure 3B). In repetitive studies, the hu3F8 
CAR consistently showed the best target killing 
activities. Therefore, hu3F8 CAR was used in 
later experiments. 

GD2-CAR-T targeting sarcoma cells

To examine OS cells killing, CART cells were co-
cultured with wasabi marked U2OS and HOS 
reporter cell lines, U2OSw and HOSw. The spe-
cific target cell lysis was assessed by flow 
cytometry.  Initial assay was based on Jurkat 
(JK) T cells transduced with GD2-CAR or control 
CD19-CAR and cocultured with U2OSw or 
HOSw to assess the CART killing ability. The 
result showed that compared with control (non-
specific) CD19-CAR-JK cell, the percent specific 
lysis by GD2 CAR-JK cells was significantly 
increased against U2OSw (P = 0.0049), and 
similar trend was found against HOSw (P = 
0.078; data not shown). To confirm this, T cells 
from healthy donors were transduced with GD2 
CAR and co-cultured with U2OSw and HOSw in 
different E/T ratios (4:1, 2:1, 1:1 and 1:2), and 
the cells were evaluated after 1 day. Compared 
with control T cells and/or non-specific CAR 
(CD19-CAR), percent specific lysis of U2OSw 
was increased when co-cultured with GD2 
CART cells but not with non-specific control 
CD19-CART cells (Figure 4A, 4B). In addition, 

HOSw cells were also specifically killed by GD2-
CART cells but not by the control glypican 3 
(GPC3)-CART cells (Figure 4C, 4D). Similar 
results were also observed with OS patient-
derived CART cells (Figure S1).  

Next, primary tumor cells, OS156 and OS758, 
which were OS patient-derived, were tested for 
GD2-CAR T killing. Lentiviral vector modified 
OS156w and OS758w green fluorescent cells 
were used as target cells and examined after 1 
day co-culture at E:T ratio 1:1. The results 
showed that the GD2 CART cells also efficiently 
killed the primary sarcoma cells (Figure 5A, 5B, 
OS156w and Figure 5C, 5D, OS758w). 

To see if the GD2-CART cells could kill target 
tumors for extended period, after all tumors 
cells were killed in the co-culture, more tumor 
cells were added to the GD2-CART cells to set 
up a second round of killing, at an increased 
target ratio, E/T = 1:3. Evident under fluores-
cent microscope, the results showed that GD2 
CART cells, but not control T cells or non-specif-
ic CD19-CART cells, were able to kill the target 
sarcoma cells (HOSw) continuously at an 
increased tumor ratio (Figure 5E). 

Upregulation of PD-L1 and PD1 expression on 
OS cells and GD2-CART cells, respectively, af-
ter CART and target interaction

PD-L1 is a ligand of PD1 related to immune 
checkpoint inhibition of T cell functions [22]. To 

Figure 2. GD2 surface expression in OS cells. Surface expression of GD2 was illustrated by antibody staining and 
flow cytometry analysis; (A) U2OS (B) HOS (C) OS156 and (D) OS758. The grey area represents isotype control. 
The percentage and mean fluorescence intensity (MFI) of the positive population are indicated. (E) IHC staining of 
primary surgical sarcoma tumor sections with antibodies against different antigens. Sarcoma patients’ tumor sec-
tions were immunohistochemically stained with different antibodies as indicated and the staining intensities were 
numerically scored from low to high intensity (0-5) under microscope.
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Figure 3. GD2-CAR T cell killing assay. A. CAR T and target cell coculture and analysis of cytolytic activities by flow cytometry. B. Target cell killing analysis of the three 
different GD2 CAR T cells, Hu3F8, Hu14.18 and c60C3. The OS cells transduced with a lentiviral wasabi green fluorescence reporter gene were used as target cells, 
and plated into 96 or 48 wells for 2 hours before adding the different CAR T cells (Jurkat or primary T cells, at E:T ratio 3:1). After co-culture at 37°C, the cells were 
harvested using 2.5-5 mM EDTA, washed twice with PBS and stained with Annexin V and propidium iodide (PI). The percentage of target cell death was detected by 
flow cytometry and the % specific lysis was calculated as illustrated.
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see if CART could affect PD-L1 expression in 
OS cells, we analyzed PD-L1 on OS cells by flow 
cytometry. While all three sarcoma cells, HOS, 

U2OS, and OS156 expressed high levels of 
GD2, the expression of PD-L1 was high on HOS 
and U2OS but not on the primary OS156 (Figure 

Figure 4. GD2-CAR-JK T cell killing of OS cells. Jurkat (JK) T cells were transduced with 4SCAR-GD2 lentivectors to 
evaluate the GD2 CAR T cell killing activities. A. Representative flow cytometry graphs of short term killing of U2OS 
cells by GD2 CAR-JK T cells at various E:T ratios. FITC positive target cells (upper panels) were gated and percentage 
of cell death was determined by Annexin V and PI staining (lower panels). B. Specific lysis of U2OS by GD2 CAR-
JK cells vs. CD19 CAR-JK cells; *indicates a significant difference (P = 0.0049). C. Representative flow cytometry 
graphs of HOSw targeted by GD2 CAR-JK cells at various E:T ratios. FITC positive target cells (upper panels) and An-
nexin V and/or PI stained cells (lower panels) are shown. D. Target cell lysis of HOSw by GD2 CAR-JK cell vs. control 
GPC3 CAR-JK cells (P = 0.078).
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6A). After incubation with GD2 CART versus 
control CD19 CART cells, flow cytometry 
showed that the percentage of PD-L1 expres-
sion was not changed (HOSw and U2OSs, 
Figure 6B), but the quantitative levels of PD-L1 
expression on cell surface as determined by 
mean fluorescence index (MFI) revealed signifi-
cant increase upon interaction with GD2 CART 
cells but not with the control CART cells (Figure 
6C, P < 0.05 for both HOS and U2OS). 

To see if target interaction up-regulated PD-1 in 
CART cells, we examined PD-1 expression on 
GD2 CART cells upon target cell engagement. 
The result showed that GD2 CART cells, but not 
control T or the non-specific CD19-CART cells, 
displayed significantly increase in PD-1 expres-
sion upon interaction with U2OSw (Figure 6D, 
6E) and HOSw target cells (Figure 6F, 6G). 

Synergistic effect of anti-GD2 CART cells with 
doxorubicin  

Chemotherapy is known to have immune mo- 
dulatory effects besides killing cancer cells. 
The chemotherapy drugs for OS include plati-
num-based carboplatin, doxorubicin, etoposide 
and ifosfamide. To see if metronomic applica-
tion of chemotherapy drugs can modulate CART 

response, we investigated possible synergistic 
effect of these drugs at sub-toxic levels with 
CART cells.

IC50s of the different drugs were first deter-
mined based on MTT viability assay. The IC50s 
of carboplatin, ifosfamide, etoposide and doxo-
rubicin on osteosarcoma were determinted to 
be 10.39 µM, 1,202 µM, 0.51 µM and 0.102 
µM, respectively (Figure 7). We chose sub-toxic 
doses including 2 µM of carboplatin, 240 µM of 
ifosfamide, 100 nM of etoposide and 10 nM of 
doxorubicin for the combination treatment also 
to minimize possible drug cytotoxic effect on 
immune cells. After pre-treatment with the dif-
ferent drugs, tumor cells were co-cultured with 
GD2 CART cells at E/T ratio of 2/1 to observe 
the drug-CART synergistic effect. The results 
after annexin V and PI staining showed that 
only treatment with doxorubicin significantly 
increased the percentage of tumor cell killing 
by GD2 CART cells (Figure 8A, 8B), which was 
confirmed by significantly decreased target cell 
viability and increased caspase 3/7 activities 
after doxorubicin pretreatment (Figure 8C). We 
then analyzed PD-L1 expression after sub-toxic 
chemotherapy on the target cells, which were 
shown to express high level of PD-L1. The result 
demonstrated that treatment with low dose of 

Figure 5. 4SCAR-GD2 T cell targeting patient-de-
rived OS cells. Patient-derived and green fluores-
cence labeled OS lines, OS156w and OS758w, 
were cocultured with CAR T cells. Specific lysis 
was determined 1 day after co-culture at E:T ra-
tio 1:1; (A, B) OS156w and (C, D) OS758w. Ad-
ditional round of tumors cells were then added to 
the coculture at an increased target ratio, E:T = 
1:3, and the results were recorded under fluores-
cence microscope on day 3, day 7 and day 12 (E). 
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doxorubicin significantly decreased the intensi-
ty of PD-L1 on the tumor cells (Figure 8D, 8E). 

Discussion

Patients with residual and refractory sarcoma 
may benefit from targeted therapies to elimi-
nate metastatic resistant OS cells and meta-
static propagation. Adoptive CART cell therapy 
represents a novel targeted therapeutic modal- 
ity to exquisitely eliminate resistant neoplastic 
cells with unparalleled specificity and provide a 
novel approach to subvert relapsed/refractory 

sarcoma [12, 23]. Here we demonstrated that T 
cells expressing a 4th generation GD2 CAR with 
a safety design (4SCAR-GD2) effectively killed 
the tumor cells and, in combination with sub-
toxic level of doxorubicin, displayed a synergis-
tic target killing effect.  

GD2 represents a promising immunotherapeu-
tic target not only for osteosarcoma, but also 
for several other sarcomas including Ewing’s 
sarcoma, rhabdomyosaromca and synovial sar-
coma, all of which have been shown to express 
the GD2 antigen [24, 25]. Sarcomas are diffi-

Figure 6. Upregulation of PD-L1 and PD1 on OS cells and CAR T cells, respectively. (A) Analysis of PD-L1 expression 
on OS cell lines. The percentage of PD-L1 expression was plotted for U2OS, HOS and OS156 cells after surface 
staining and flow cytometry analysis. (B, C) Analysis of PD-L1 expression levels on OS cells after CAR T interaction. 
OS cell lines, U2OSw and HOSw were incubated with different CAR T cells as indicated, and after 24 hr, PD-L1 ex-
pression was analyzed by flow cytometry, and percentage (B) and MFI (C) of surface PD-L1 expression were plotted. 
The levels of PD-L1 expression were significantly higher for the two OS cells incubated with the 4SCAR-GD2 T cells (P 
< 0.05). (D-G) Analysis of PD1 expression on CAR T cells. Control T cells and CAR T cells were incubated with U2OSw 
cells, and 24 hr later, stained with anti-PD1 antibody and analyzed by flow cytometry. Flow cytometry histograms of 
T cells stained with isotype control antibody, or anti-PD1 antibody cocultured with or without U2OSw or HOSw cells 
are shown (D and F). The percentage of PD1 upregulation after subtraction of background PD1 expression was 
determined and illustrated by bar graphs (E and G), and significant difference (P < 0.05) was established between 
GD2 CAR T vs. control T and CD19 CAR T cocultures.
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cult to eradicate without appropriate local con-
trol, but CART cells may assist in making surgi-
cal resections more manageable for tumors 
with limited responsiveness to chemotherapy. 
CART cells may also hold promise for eradicat-
ing micro-metastatic disease through the 
induction of long-lasting immunologic memory.   

Importantly, GD2 has been identified as an effi-
cacious therapeutic target in neuroblastoma 
where a chimeric antibody CH14.18 targeting 
GD2 has demonstrated activity in patients with 
high-risk disease [15, 26]. While this chimeric 
antibody appears to be safe and efficacious, it 
is administered in the context of GM-CSF and 
high dose IL-2 in order to induce antibody 
dependent cytotoxic killing, but these agents 
are not easily tolerated [27]. Moreover, antibod-
ies induce passive immunity without demon-
strable immunological memory whereas CAR 
modified T cells can act directly on tumor cells 
independent of the endogenous immune sys-
tem and requirement for antigen presentation, 
while engendering long term recall responses 
[28]. We have established several GD2 CARs 
based on different anti-GD2 scFvs and 
illustrated that both CH14.18 scFv- and 3F8 
scFv-derived CART cells can effectively kill 
sarcoma cells. There have been attempts to 
generate anti-GD2 CAR modified T cells against 
neuroblastomas; a recent phase I study cor-
roborated the safety of first generation anti-

CART cell therapy can be highly effective in 
targeting antigen-specific tumor cells but could 
also harm normal tissue expressing these 
antigens [29]. Anti-CD19 CAR modified T cells 
have resulted in extended B cell deficiency in 
responders rendering these patients depen-
dent on IVIG replacement [30]. Therefore, as 
this technology is further leveraged towards a 
plethora of refractory malignancies, it will be 
requisite to engineer a control switch into CART 
cells to prevent systemic toxicity to normal tis-
sue [31, 32]. Here we have prioritized the devel-
opment of an iCasp9 suicide gene-incorporated 
4th generation CAR (4SCAR-GD2) to target the 
GD2 antigen in OS. Our results demonstrated 
high target killing effect of the 4SCAR-GD2 
against OS.  

Although effective in OS recognition and killing, 
the GD2 CART cells may also face potential 
tumor resistance. We have observed that 
increased tumor cells to effector CAR T cell 
ratios diminished the tumor killing efficacy and 
longevity of the CART cells. Through surface 
staining, we discovered that OS cells expressed 
high level of PD-L1, which was further 
up-regulated when in contact with GD2 CART 
cells (Figure 6C). Furthermore, CART cells 
showed PD-1 up-regulation and increased 
apoptosis upon incubation with OS cells (Figure 
6E, 6G). Such tumor/effector T cell interplay 
may substantially diminish CART cell killing 

Figure 7. IC50 determination of chemotherapeutic drugs on HOS cells. HOS 
cells were treated with different concentrations of carboplatin, ifosfamide, 
etoposide, and doxorubicin and cell viability was determined by MTT assay. 
IC50 of each drug was determined and shown in the graphs.  

GD2 CART cells despite limit-
ed progression free survival 
[13]. While first generation 
anti-GD2 CART cells appear  
to be safe, later generation 
CARs embedded with addi-
tional co-stimulatory domains 
to improve their activation 
and persistence against cog-
nate antigens, may be more 
efficacious. However, enhan- 
ced efficacy from later gener-
ation CART cells may impose 
increased toxicity from sys-
temic cytokine release and 
increased risk of targeting 
normal cells expressing GD2. 
Consequently, novel CAR de- 
signs embedded with suicide 
genes may prevent acute tox-
icities and mitigate against 
long-term sequela in patients.  
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Figure 8. Sub-toxic chemo-conditioning synergizes 4SCAR-GD2 T cell killing activity. HOSw cells were treated for one day with sub-toxic doses of the following: 2 µM 
of carboplatin, 240 µM of ifosfamide, 100 nM of etoposide and 10 nM of doxorubicin, and the drug was removed, and GD2 CART cells were then added at E:T ratio 
of 2:1. Target cell death was determined by annexin V and PI staining (A), and cell death percentage (B) and cell viability and caspase 3/7 activities (C) were plotted, 
and significant difference was established (**, P < 0.05). After low dose (10 nM) of doxorubicin treatment, the expression of PD-L1, shown by % (D) and MFI (E) by 
flow cytometry, was significantly decreased on the tumor cells (#, *P < 0.05). 



GD2-CAR T cells in synergy with doxorubicin against osteosarcomas

685 Am J Cancer Res 2020;10(2):674-687

efficacy. We have further examined the possi- 
bility of sensitizing tumor cells with optimized 
chemotherapeutics in combination with the 
4SCAR-GD2 therapy (Figure 7). Upon screening 
of several existing drugs, we showed that doxo-
rubicin, but not carboplatin, Ifosfamide, and 
etoposide, could specifically sensitize OS to 
GD2 CART killing, which induced decreased 
expression of PD-L1 on the target cells (Figure 
8).

Recently, checkpoint blockade strategies have 
been shown to induce anti-tumor activity in 
clinical trials [33-35]. Blockade of exhaustion 
markers along PD-1/PD-L1 axis has been 
shown to precipitate immunologic recognition 
and rejection of neoplastic cells, in combina-
tion with CART cell therapy [36]. Since CART 
cells often require lymphodepletion strategies 
to enhance their in vivo viability, concomitant 
blockade of PD-1 may obviate the need for 
cytotoxic lymphodepletion in PD-L1 expressing 
cancers such as OS. Further safety and efficacy 
studies are required to examine the relation-
ship of checkpoint blockade with concomitant 
CART cells with and without lymphodepletion. 

In summary, the current outcomes for many 
children with high-risk sarcomas including OS 
are unacceptable necessitating the develop-
ment of more targeted therapeutics. Anti-GD2 
expressing CART cells provide a novel targeted 
approach to eliminate residual disease with 
consummate specificity. We have utilized this 
technology to engineer newer generation CART 
cells that harnesses the vital co-stimulatory 
domains imperative for T cell activation while 
embedding the safety features of suicide gene 
control. These CART cells have demonstrable 
cytotoxicity against GD2 expressing OS cells 
that can be further synergized with sub-toxic 
chemotherapy. These results warrant further 
validation in relevant animal models and human 
trials. Thus, as immunotherapy using CART 
cells becomes further entrenched in the fore-
front against refractory malignancies, OS pro-
vides a new and compulsory niche to further 
test the feasibility, safety and potential efficacy 
of this promising new technology.
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Figure S1. OS patient-derived GD2 CAR T cells 
specifically killed OS cells. An OS patient’s T 
cells (1902) were transduced with 4SCAR-GD2 
lentivectors or control CD19 CAR lentivectors to 
evaluate the CAR T cell killing activities. The CAR 
T cells were cocultured with target HOSw cells at 
different ratios as indicated to the left. FITC posi-
tive target cells (left panels of the flow graphs) 
were gated and the percentage of cell death was 
determined by Annexin V and PI staining (right 
panels of the flow graphs). The percentages of 
target cell lysis of GD2 CAR T cells vs. CD19 CAR 
T cells for the different E:T ratios are illustrated 
in the line graph to the right; * indicates a signifi-
cant difference (p < 0.05). 


