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ABSTRACT
Background  Neuroendocrine tumors (NETs) overexpress 
somatostatin receptors (SSTRs).
Methods  We developed a second-generation, ligand-
based, anti-SSTR chimeric antigen receptor (CAR) 
incorporating the somatostatin analog octreotide in its 
extracellular moiety.
Results  Anti-SSTR CAR T cells exerted antitumor activity 
against SSTR+NET cell linesin vitro. The killing activity 
was highly specific, as demonstrated by the lack of CAR 
T cell reactivity against NET cells engineered to express 
mutated variants of SSTR2/5 by CRISPR/Cas9. When 
adoptively transferred in NSG mice, anti-SSTR CAR T 
cells induced significant antitumor activity against human 
NET xenografts. Although anti-SSTR CAR T cells could 
recognize the murine SSTRs as shown by their killing 
ability against murine NET cells, no obvious deleterious 
effects on SSTR-expressing organs such as the brain or 
the pancreas were observed in mice.
Conclusions  Taken together, our results establish anti-
SSTR CAR T cells as a potential candidate for early phase 
clinical investigations in patients with NETs. More broadly, 
the demonstration that a known peptide drug can direct 
CAR T cell targeting may streamline the potential utility 
of multiple peptide motifs and provide a blueprint for 
therapeutic applications in a variety of cancers.

INTRODUCTION
Neuroendocrine tumors (NETs) are hetero-
geneous malignancies originating from the 
diffuse neuroendocrine system. They are 
characterized by a relatively indolent rate of 
growth and the ability to secrete a variety of 
hormones and vasoactive peptides.1 Once 
regarded as rare, NETs constitute the second 
most prevalent malignancy of the gastroen-
teropancreatic (GEP) tract, and their inci-
dence has been steadily increasing in the 
last four decades.2 Although the therapeutic 
landscape of NETs has recently expanded, 
the prognosis of patients with advanced 
disease still remains poor, and new, effective 
therapies are needed.1

NETs commonly overexpress somatostatin 
receptors (SSTR1-5).1 SSTRs belong to a 
family of G-protein coupled receptors with 
seven transmembrane domains, and are 
encoded by five highly conserved intron-
less genes sharing 40%–60% of homology. 
Different SSTR subtypes are commonly 
co-expressed in the same NET cell and may 
interact forming homodimers, heterodimers 
or multimers, thus leading to the activation 
of multiple and possibly overlapping intracel-
lular signaling cascades.3 The overexpression 
of SSTRs by NET cells is presently exploited 
in the clinical arena for both diagnostic and 
therapeutic purposes. Indeed, functional 
imaging studies including OctreoScan and 
68Ga-DOTATATE PET/CT scan can detect 
NET lesions by using radiolabeled SSTR 
ligands.1 Both synthetic somatostatin analogs 
(SSAs) such as octreotide and lanreotide as 
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expressed not only by NET cells, no toxicities were 
observed in mice.
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well as radiolabeled SSAs including 177Lu-DOTATATE 
mainly target SSTR2 and SSTR5 and have shown efficacy 
in controlling the progression of NETs in phase III clin-
ical trials,4–6 being currently approved for patients with 
advanced GEP-NETs.

Adoptive transfer of genetically modified autologous 
T cells is gaining traction as one of the most promising 
advances in cancer immunotherapy.7 Once isolated from 
patients, T cells can be manipulated ex vivo to artificially 
generate a specific, potent, non-MHC restricted immune 
response against tumor cells, and impressive outcomes 
have been recently recorded in clinical trials of chimeric 
antigen receptor (CAR) T cells targeting CD19 or B cell 
maturation antigen in patients with B cell malignan-
cies.8–12 CARs are synthetic fusion proteins consisting of 
an extracellular antigen-recognition domain linked to 
an intracellular activating domain containing CD3zeta 
with or without additional costimulatory modules such 
as CD28 or 4-1BB. The extracellular portion of the CAR 
is responsible for the antigen recognition capability, and 
is conventionally constituted by the single-chain variable 
fragment (scFv) of an antibody (Ab). However, innovative 
approaches in CAR design include the replacement of 
the scFv with specific ligands of receptors overexpressed 
by tumor cells (ligand-based CARs).13

Given the overexpression of SSTRs by most NETs and 
the lack of toxicities against SSTR-expressing organs 
displayed by SSAs and radiolabeled SSAs in clinical prac-
tice, we developed a second-generation, ligand-based CAR 
directed in its anti-SSTR specificity by the SSA octreotide. 
Here, we characterize the antitumor activity of anti-SSTR 
CAR T cells against NETs both in vitro and in vivo.

MATERIALS AND METHODS
Cell lines and primary human lymphocytes
BON1, CM and QGP1 pancreatic NET (panNET) cell 
lines were a gift from Dr Donadelli (University of Verona, 
Italy), while the CNDT2.5 intestinal NET cell line was 
provided by Dr Lee (MD Anderson Cancer Center, 
Houston, Texas, USA). The lung carcinoid H727 cell 
line was purchased from American Type Cell Collec-
tion (ATCC; Manassas, Virginia, USA). The RIP-Tag 
model-derivative MIN6 murine panNET cell line was 
a gift from Dr. Giorgino (University of Bari, Italy). The 
HAP1 chronic myelogenous leukemia cell line, known 
to express SSTR2/5 at very low levels, was purchased by 
Horizon Discovery (Cambridge, UK). All cell lines were 
verified at our institution as recommended (ATCC Tech-
nical Bulletin no. 8; Manassas, ATCC; 2008). All cell lines 
were cultured as previously described,14 while the MIN6 
and HAP1 cell lines were maintained in DMEM supple-
mented with 15% fetal bovine serum (FBS) and Iscove 
modified Dulbecco medium (IMDM) supplemented with 
10% FBS, respectively. Luciferase (Luc)-expressing NET 
cell lines were generated by lentiviral transduction using 
the RediFect kit (Perkin Elmer, Waltham, Massachusetts, 
USA) following manufacturer’s instructions. Phoenix-GP 

packaging cells were purchased from ATCC and cultured 
in DMEM with 10% FBS, 1% L-glutamine and penicillin/
streptomycin. Peripheral blood mononuclear cells from 
healthy donors were isolated by density gradient centrif-
ugation on Ficoll-Hypaque (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA). Primary CD8+ and CD4+ 
T lymphocytes were sorted using immunomagnetic beads 
through an AUTOMacs instrument (Miltenyi Biotec, 
Auburn, California, USA) and cultured in AIM-V medium 
as described.15

CAR design and generation of anti-SSTR CAR T cells
We designed a second-generation CAR-like construct 
containing (1) two molecules of the SSA octreotide in the 
extracellular moiety, (2) CD8 as transmembrane domain 
and (3) CD3ζ and CD28 in the intracellular domain. The 
international patent application n. PCT/US21/35110 
was filed on June 1, 2021. DNA was synthesized by IDT 
DNA (Coralville, Iowa, USA) using an optimization algo-
rithm for codon usage in humans and cloned between 
the NcoI and NotI sites of a pMSGV1-28Z retroviral vector 
(insert reference PMID: 30 755 478). After transforma-
tion of Stbl3 E. Coli cells (Life Technologies, Darmstadt, 
Germany), ampicillin-mediated selection and Sanger 
sequencing of the CAR sequence, Phoenix-GP cells were 
transfected with the CAR-containing plasmid using Lipo-
fectamine 3000 (Invitrogen, Carlsbad, California, USA) 
to produce intact retroviral particles. CD8+ T cells were 
then doubly transduced with 1:1 dilution of viral superna-
tant and expanded for 2 weeks in the presence of 300 IU 
of human recombinant IL-2 (Miltenyi Biotec).

Droplet digital PCR
Genomic DNA from T cells or from tumor xeno-
grafts was isolated using the DNase Blood & Tissue kit 
(Qiagen). Droplet digital PCR (ddPCR) experiments 
were performed on a QX200 ddPCR system (Bio-Rad, 
Hercules, California, USA) according to the manufac-
turer’s instructions. FAM-labeled CAR-specific probes 
were multiplexed with HEX-labeled probes targeting 
the myocardin-like protein 2 (MKL2) reference gene, as 
previously described.16 The primers and the probes are 
listed in online supplemental table 1. The QuantaSoft 
analysis software (Bio-Rad) was used to estimate the effi-
ciency of the CAR transduction process and to determine 
the degree of CAR T cell infiltration of tumor xenografts.

Western blot
Transduced and untransduced (UT) lymphocytes were 
subjected to Western blot (WB) to assess the presence of 
CAR-specific bands using a mAb targeting CD3ζ (Santa 
Cruz Biotechnology, cat#sc-166275). Moreover, NET cells 
were lysed and membrane proteins were extracted using 
the Mem-PER Plus Membrane Protein Extraction kit 
(Thermo Fisher Scientific). WB analyses were performed 
using Abs against SSTR2 (UMB1 clone; Abcam ab134152), 
SSTR5 (UMB4 clone; Abcam ab109495), Na+K+ATPase 
(Abcam, ab58475) and glyceraldehyde-3-phosphate 
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dehydrogenase (GAPDH (Santa Cruz, sc-32233). Protein 
bands were visualized using an UVITEC instrument 
(Cambridge, UK). The ImageQuantTL software (GE 
Healthcare, Little Chalfont, UK) was used for band 
density measurement.

Flow cytometry
Flow cytometry with anti-CD3-PE/CD8-FITC/CD4-APC 
Abs (BD Biosciences, San Jose, California, USA) was 
used to assess the purity of T cell cultures. Only cultures 
with CD8+ or CD4+ T cell purity  ≥97% were employed 
for subsequent experiments. The membrane expression 
of SSTR2 and SSTR5 was evaluated using human- (R&D 
Systems, cat#FAB4224A; R&D Systems, cat#IC4448G) or 
mouse-reactive (Novus Biologicals, cat#NB300-157SS; 
Novus Biologicals, cat#NB100-74540) Abs targeting extra-
cellular epitopes of these receptors after omission of cell 
permeabilization procedures. Unstained samples were 
used as negative controls. The differentiation status of 
transduced or UT T cells to be used for in vivo experi-
ments was assessed immediately after isolation/transduc-
tion and the day before injection in mice (after 2 weeks 
of culture in the presence of IL-2) by using fluorochrome-
labeled Abs targeting CD45RA, CD45RO, CD95, CD62L 
(Miltenyi Biotec). T cell subsets were identified as follows: 
T naïve (TN): CD45RA+/CD45RO-/CD95-/CD62L+; T 
stem cell memory (TSCM): CD45RA+/CD45RO-/CD95+/
CD62L+; T central memory (TCM): CD45RA-/CD45RO+/
CD95+/CD62L+; T effector memory (TEM): CD45RA-/
CD45RO+/CD95+/CD62L-; T effector (TE): CD45RA+/
CD45RO-/CD95+/CD62L-. The expression of T cell 
exhaustion markers was investigated 1 day before adop-
tive transfer in mice by using fluorochrome-labeled mAbs 
targeting CD39, PD-1, TOX, TIGIT and CTLA4 (Invi-
trogen). Flow cytometry experiments were performed 
using a BD FACSCanto II (BD Biosciences), and analyzed 
using FlowJo software (Tree Star, Ashland, OR).

Confocal microscopy
NET cells were fixed in paraformaldehyde and incu-
bated overnight at 4°C with a mouse mAb against SSTR2 
(R&D Systems, cat#MAB4224) or a rabbit polyclonal Ab 
targeting SSTR5 (Novus Biologicals, cat#NB100-74540). 
Cells were then incubated at room temperature with 
a secondary goat anti-mouse or goat anti-rabbit FITC-
conjugated Ab, as appropriate. Nuclei were counter-
stained by 4,6-diamidino-2-phenylindole dihydrochloride 
(DAPI, Sigma-Aldrich). Images were captured on a Nikon 
Ti-C2plus confocal microscope (Nikon Instr., Lewis-
ville, Texas, USA) using the NIS-Elements AR V.4.20.00 
software.

In vitro cytotoxicity assays
The cytotoxicity of CAR T cells was evaluated by biolumi-
nescence imaging (BLI) assays. Luc+ NET cells (1×104/
well) were co-cultured for up to 72 hours with either 
UT T cells or anti-SSTR CAR T cells at an effector:target 
(E:T) ratio ranging between 10:1 and 1:10. Following the 

addition of D-Luciferin (Perkin Elmer) at 150 µg/mL, 
bioluminescence was measured using a Victor X4 plate 
reader (Perkin Elmer). The percentage of specific tumor 
cell lysis was determined using the following formula: % 
lysis=1-(mean BLI signal in the presence of anti-SSTR 
CAR T cells/mean BLI signal in the presence of UT cells) 
x 100%. Experiments were carried out in triplicate.

Cytokine release assays
CAR T cells were co-cultured with NET cells at an E:T 
ratio of 1:1 for 24 hours. The supernatant was then 
harvested and the concentration of interferon-γ (IFNγ) 
and tumor necrosis factor alpha (TNF-α) was measured 
by ELISA (Thermo Fisher Scientific). T cells were acti-
vated through CD3/CD28 stimulation (T cell TransAct, 
Miltenyi) in positive control experiments. T cells were 
cultured in the absence of tumor cells in negative control 
experiments.

Fluorescence in situ hybridization
Metaphase spreads and interphase nuclei were obtained 
from the CM cell line. Fluorescence in situ hybrid-
ization (FISH) experiments were performed using 
probes targeting human SSTR2 and SSTR5. Probes were 
directly labeled by nick-translation with Cy3-dUTP and 
fluorescein-dUTP (Enzo Life Sciences, Farmingdale, New 
York, USA), as described.17 Nuclei and chromosome meta-
phases were simultaneously DAPI-stained. Digital images 
were obtained using a Leica DMRXA2 epifluorescence 
microscope equipped with a cooled CCD camera (Tele-
dyne Princeton Instruments, Trenton, New Jersey, USA). 
DAPI, Cy3 and fluorescein fluorescence signals were 
detected using specific filters and recorded separately as 
grayscale images. Pseudocoloring and merging of images 
were performed using Adobe Photoshop software.

CRISPR/Cas9
The CRISPR/Cas9 technology was used to induce frame-
shift mutations in SSTR2 and SSTR5 in CM cells. For 
each gene, a plasmid co-expressing Cas9, two specifi-
cally designed gRNAs (online supplemental table 1) and 
GFP was purchased from VectorBuilder (Neu-Isenburg, 
Germany). Sanger sequencing was then carried out to 
ensure the presence of intact CRISPR targets in Luc+ 
CM cells, while FISH was employed to assess the number 
of SSTR2 (ABC8-2147740L18 probe) and SSTR5 (RP11-
141G9 probe) alleles. Luc+ CM cells were co-trans-
fected with the Cas9-containing plasmids and a plasmid 
comprizing a blasticidin resistance cassette (20:1 molar 
ratio). PEI-Max 40 000 (Polysciences, Warrington, PA, 
USA) was used as transfection reagent. The day after the 
transfection, single cell cultures were prepared and blas-
ticidin was added to the medium to reach a final concen-
tration of 10 µg/mL. GFP+ single cell clones were then 
screened by Sanger sequencing for mutations in the 
gene of interest and the CRISP-ID algorithm was used 
to genotype all alleles from a single sequencing trace.18 
Clones carrying the mutation of SSTR2 (CM-SSTR2mut), 
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SSTR5 (CM-SSTR5mut) or both (CM-SSTR2/5mut) were 
expanded and used for subsequent experiments. Levels 
of SSTR2 and SSTR5 downstream CRISPR/Cas9 were 
determined by flow cytometry and real time PCR (RT-
PCR), as previously described.14

Animal experiments
Sixty-six 4–6 weeks old NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ 
(NSG) female mice (Charles River, Lecco, Italy) were 
used for adoptive T cell transfer experiments. Briefly, 
each mouse received a subcutaneous injection of 2×106 
Luc+-CM or Luc+-BON1 cells resuspended in a 1:1 
mixture of HBSS (Euroclone, Milan, Italy) and Matrigel 
(BD Bioscience). When tumors became palpable, at 
approximately day 15, mice were randomized to receive 
7×106 anti-SSTR CAR T cells (n=11), 7×106 UT T cells 
(n=11), or phosphate-buffered saline (PBS) (n=11) via 
tail vein injection. The number of CAR-transduced CD8+ 
T cells administered to each mouse was equalized based 
on ddPCR analysis of CAR vector-positive cells. Following 
treatment in each group, mice received three daily intra-
peritoneal administrations of recombinant human IL-2 
(Miltenyi Biotec) at 220 000 IU in 500 µL of PBS. Tumor 
growth was monitored weekly by an observer blinded to 
treatment allocation via in vivo BLI using an IVIS Lumina 
SIII instrumentation (Perkin Elmer). The tumor growth 
rate was quantified as the ratio between total photon flux 
at each investigational time-point and baseline levels. All 
animals were euthanized after 4 weeks from treatment, 
and tumors, brain, pancreas and spleen were harvested, 
fixed in formalin and embedded in paraffin. We used the 
ARRIVE checklist when writing our report.19

PCR
DNA was extracted from explanted tumors and organs 
using the DNeasy Blood and Tissue kit (Qiagen). The 
NanoDrop ND-1000 UV-Vis spectrophotometer (Thermo 
Fisher Scientific) was employed to quantify the DNA. The 
presence of the CAR sequence was investigated using the 
primers listed in online supplemental table 1. PCR reac-
tions were run in triplicate in 20 µL of final volume with 
50 ng of sample DNA.

Histopathological analysis
Tumor xenografts and murine SSTR-expressing organs 
were subjected to H&E staining to reveal pathologic signs 
of tumor regression or healthy tissue damage. Immuno-
histochemistry (IHC) was used to assess the expression 
of the CAR targets using mAbs against SSTR2 (UMB1 
clone; 1:5000 dilution) and SSTR5 (UMB4 clone; 1:100 
dilution). Sections 4 µm in thickness were stained using 
the Dako Autostainer according to the manufacturer’s 
instructions. Human pancreatic tissue was used as posi-
tive control. The staining was interpreted as positive only 
when membrane immunoreactivity was detected. Images 
were acquired using an Eclipse E400 microscope (Nikon 
Instruments, Melville, New York, USA).

Statistical analysis
Continuous data are expressed as means±SEs. Compari-
sons between groups were performed using the unpaired 
Student’s t-test, while the Pearson correlation coefficient 
was calculated for correlation analyses. In vivo tumor 
growth statistics were calculated using the two-way anal-
ysis of variance with Bonferroni post-test based on linear 
slope of the tumor growth at each data point. All tests were 
two sided, and a p<0.05 was considered statistically signifi-
cant. Statistical analyses were performed using GraphPad 
Prism V.5 software (GraphPad Software, La Jolla, Cali-
fornia, USA) and MedCalc software V.12.7 (MedCalc Soft-
ware bvba, Ostend, Belgium). The sample size calculation 
for animal experiments was performed using MedCalc. 
Being α=0.05, β=80%, the droup-out rate=20%, 11 mice 
per arm were needed to test the null hypothesis (H0) that 
anti-SSTR CAR-T cells induce ≤30% tumor biolumines-
cence regression. All in vitro experiments were repeated 
at least three times.

RESULTS
Expression of membrane SSTRs by NET cell lines
We examined the expression of membrane SSTR2 and 
SSTR5 in NET cell lines by WB. As shown in figure 1A, 
all cell lines expressed the SSTRs, although at variable 
degrees. These findings were confirmed by flow cytom-
etry and confocal microscopy experiments employing 
Abs targeting epitopes located in the extracellular 
portion of SSTRs to detect only potential targets of CAR 
T therapy (figure 1B,C). No SSTR expression was found 
by WB, flow cytometry and confocal microscopy in the 
negative control HAP1 cells (figure 1B and online supple-
mental figure 1). A summary of % of SSTR positivity and 
mean fluorescence intensity (MFI) by flow cytometry 
is provided in table  1. Overall, SSTR2 and SSTR5 were 
expressed by 35%–70% and 75%–98% of human NET 
cells, respectively.

Generation of anti-SSTR CAR T cells
We generated a retroviral vector encoding a second-
generation CAR comprizing two molecules of octreotide 
(in tandem) linked to an intracellular signaling domain 
consisting of human CD28 and CD3ζ via the human CD8 
transmembrane region (figure  2A). CD8+ T cells from 
healthy donors were retrovirally transduced to generate 
anti-SSTR CAR T cells. As shown in figure  2B, CAR-
specific CD3ζ bands could be identified by WB in CAR 
T cells but not in UT T cells after 2 weeks of expansion. 
By ddPCR, the percentage of CAR vector-positive T cells 
was 24% (±6%) at the beginning of the in vitro expansion 
with IL-2 (day 0), 33% (±9%) at day +14 and 39.5 (±5%) 
at day +21 (figure 2C,D).

In vitro antitumor activity of anti-SSTR CAR T cells
Anti-SSTR CAR T cells were co-incubated for up to 72 
hours with Luc+ NET cell lines. Then, their antitumor 
activity was measured by in vitro BLI assays. As shown in 

https://dx.doi.org/10.1136/jitc-2022-004854
https://dx.doi.org/10.1136/jitc-2022-004854
https://dx.doi.org/10.1136/jitc-2022-004854


5Mandriani B, et al. J Immunother Cancer 2022;10:e004854. doi:10.1136/jitc-2022-004854

Open access

figure 3A, the tumoricidal effect of anti-SSTR CAR T cells 
increased over time and peaked at 72 hours. At an E:T 
ratio of 1:1, CAR T cells induced cell death in 58% (±8%), 
53% (±1%), 42% (±3%), 37% (±7%) and 31% (±14%) 
of BON1, QGP1, CM, CNDT2.5 and H727 cells, respec-
tively, after 72 hours of co-culture. The levels of tumor cell 
death increased with increasing E:T ratios (figure  3B). 
UT T cells induced negligible levels of tumor cell death 
(<10%), irrespective of target cell line, incubation time 

and E:T ratios (online supplemental figure 2). To ascer-
tain whether the killing ability of anti-SSTR CAR T cells 
was paralleled by specific lymphocyte activation and 
production of effector cytokines, we measured the release 
of IFN-γ and TNF-α by ELISA after 24 hours co-culture 
of tumor cells with UT or CAR T cells. As shown in 
figure 3C,D, anti-SSTR CAR T cells released significantly 
higher levels of proinflammatory cytokines as compared 
with UT T cells (p<0.05).

Figure 1  Expression of SSTR2 and SSTR5 by NET cell lines. (A) WB of membrane extracts from CM, BON1, QGP1, H727 
and CNDT2.5 cell lines. Na+/K+ATPase membrane expression was used as loading control. (B) Representative flow cytometry 
analysis of SSTR2 and SSTR5 expression in CM and BON1 cells as well as in HAP1 cells as negative control. (C) Representative 
confocal microscopy evaluation of SSTR2 and SSTR5 expression in CM and BON1 cells. For both flow cytometry and confocal 
microscopy experiments permeabilization procedures were omitted to allow detection of membrane SSTRs only. SSTRs, 
somatostatin receptors; WB, Western blot.

Table 1  Expression of membrane SSTR2 and SSTR5 by flow cytometry across cell lines

Cell line SSTR2 % (±SD) SSTR2 MFI (±SD) SSTR5 % (±SD) SSTR5 MFI (±SD)

BON1 54.6 (±18.3) 1564 (±613) 65.1 (±23.4) 15 379 (±2720)

CM 67.1 (±11.8) 4347 (±2158) 90.4 (±15.3) 22 016 (±6833)

QGP1 69.3 (±18) 3303 (±1120) 92.6 (±2) 21 062 (±4279)

CNDT2.5 34.6 (±13) 1272 (±413) 98 (±1) 26 578 (±6686)

H727 42.7 (±12.4) 1732 (±910) 89.7 (±18.7) 22 107 (±9312)

CM-SSTR2KO 0.9 (±0.4) 575 (±61) – –

CM-SSTR5KO – – 3.2 (±2.8) 4002 (±2056)

CM-SSTR2/5KO 2.5 (±1.8) 595 (±134) 4.7 (±0.4) 5039 (±956)

Primary lymphocytes 4.3 (±2.7) 596 (±153) 6.4 (±2) 11 193 (±8845)

MIN6 35 (±4.9) 1020 (±411) 41.7 (±10.2) 25 849 (±840)

HAP1 0.5 (±0.5) 476 (±320) 1.5 (±1.1) 1740 (±872)

Experiments were carried out in triplicate.
MFI, mean fluorescence intensity; SSTR, somatostatin receptor.
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Assessment of CAR T cell killing specificity
To evaluate the specificity of the tumor cell killing 
induced by anti-SSTR CAR T cells, we induced frame-
shift mutations in the SSTR2 and/or SSTR5 genes in 
CM cells by CRISPR/Cas9. Three copies of SSTR2 and 
SSTR5, respectively, were identified by FISH in CM cells, 
and frameshift mutations or ample deletions were gener-
ated in all of them as decoded by CRISP-ID18 based on 
Sanger sequencing results (online supplemental figure 
3). By RT-PCR, mutant cell lines displayed substantially 
lower levels of SSTR2/5 transcripts as compared with 
the parental cell line, in the presence of negligible 
protein expression (<5%) by flow cytometry (table  1; 
online supplemental figure 3). When co-cultured with 
CM-SSTR2mut or CM-SSTR2/5mut, CAR T cells did not 
show any cytolytic potential (figure 3E,F). Limited cyto-
toxic activity was observed after co-incubation of CAR T 
cells with CM-SSTR5mut cells for 72 hours, in line with 
the higher affinity shown by octreotide toward SSTR2. 
As shown in figure  3G,H, CAR T cells produced lower 
amounts of proinflammatory cytokines after co-culture 
with CM-SSTR2mut, CM-SSTR5mut and CM-SSTR2/5mut 
cells with respect to co-incubation with CM cells. Collec-
tively, these data indicate that the tumor cell killing 
activity displayed by anti-SSTR CAR T cells is highly 
specific.

In vitro fratricidal activity of anti-SSTR CAR T cells
To rule out the possibility that anti-SSTR CAR T cells 
could exert fratricidal activity, we examined the expres-
sion of SSTR2 and SSTR5 in UT and CAR-engineered T 
lymphocytes from three different donors by flow cytom-
etry after isolation/transduction (day 0) and then after 
24 hours, 72 hours, and 15 days, in the absence or in the 
presence of CD3/CD28 T cell stimulation via TransAct 
(online supplemental figure 4). The percentage of SSTR+ 
T cells did not decline over time, indicating that anti-SSTR 
CAR T cells do not exert fratricidal activity, even when T 
cells are activated. Notably, the MFI of SSTR2 in T cells 
was considerably lower than that recorded in NET cells 
(table 1, online supplemental figure 4), thus suggesting 
that a critical density of SSTR2 expression is required to 
evoke a potent, specific CAR T cell attack.

Antitumor activity of anti-SSTR CAR T cells in vivo
To evaluate whether anti-SSTR CAR T cells could mediate 
an antitumor response in vivo, we established a murine 
model of adoptive cell transfer consisting of immuno-
deficient NSG mice engrafted with two different SSTR+ 
NET cell lines followed by intravenous infusion of CAR-
engineered human T cells, UT T cells, or PBS (figure 4A). 
Transduced CD8+ lymphocytes were administered 
together with UT CD4+ T cells to provide homeostatic 

Figure 2  T cells can be engineered to express the anti-SSTR CAR. (A) Diagram of the expression cassette of the second-
generation anti-SSTR CAR. The sequence of two molecules of octreotide (OCT) were cloned in frame with CD8aTM, CD28 
cytoplasmic moiety and the CD3ζ signaling domain. (B) After 2 weeks from retroviral transduction, 5×106 CD8+ T cells from 
healthy donors were analyzed by WB with an anti-CD3ζ mAb, or an anti-GAPDH mAb as a loading control. The arrows 
correspond to the CAR-derived p21 and p50 CD3ζ molecules. (C) 2D-amplitude droplet gating of representative ddPCR 
experiments employing FAM-labeled and HEX-labeled probes against the CAR sequence and the MKL2 reference gene, 
respectively. The ratio between the FAM+ droplets corresponding to the CAR sequence (blue +orange fractions) and the HEX+ 
droplets corresponding to the housekeeping gene (green +orange fractions) shown here is 0.33. (D) FAM+/HEX+ droplet ratio as 
a surrogate of retroviral transduction efficiency at the beginning of the expansion phase (day 0) and then after 14 and 21 days, 
respectively. Data from three healthy donors are expressed as average ±SEs. CAR, chimeric antigen receptor; ddPCR, droplet 
digital PCR; FAM: fluorescein amidite; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; LTR, long terminal repeat; SSTRs, 
somatostatin receptors; UT, untransduced.

https://dx.doi.org/10.1136/jitc-2022-004854
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Figure 3  Anti-SSTR CAR T cells exhibit antigen-specific tumoricidal activity. (A) Anti-SSTR CARs endow human T 
lymphocytes with reactivity against SSTR-expressing targets. By in vitro BLI assay, CAR T cells induced cell death in up to 
58% of Luc+ NET cell lines as compared with UT T cells at an E:T ratio of 1:1. The percentage of specific tumor cell lysis was 
calculated as the ratio between CAR T cell and UT T cell antitumor activity using the formula: % lysis=1-(mean BLI signal in 
the presence of anti-SSTR CAR T cells/mean BLI signal in the presence of UT cells) x 100%. (B) In vitro BLI assay to evaluate 
the cytolytic activity of CAR T cells as compared with UT T cells according to increasing E:T ratios after 24 hours of coculture 
with NET cells. The degree of cytotoxicity induced by CAR T cells increased when the number of effector cells increased. 
(C) IFN-γ and (D) TNF-α release on 24 hours coculture of NET cells with CAR T cells or UT T cells at an E:T ratio of 1:1. Cytokine 
production was measured in culture supernatants by ELISA. CD3/CD28 T cell stimulation through TransAct was used for 
positive control experiments. (E) In vitro BLI assay to investigate the cytolytic activity of CAR T cells as compared with UT T 
cells against mutant CM cells and parental cells at an E:T ratio of 1:1. (F) Evaluation of the cytotoxic potential of CAR T cells 
against CM cells harboring wild-type or mutated SSTR2 and/or SSTR5 according to increasing E:T ratios after 24 hours of 
coculture. (G) IFN-γ and (H) TNF-α release on 24 hours coculture of CAR T cells or UT T cells with mutated or parental CM cells 
at an E:T ratio of 1:1. All experiments were carried out in technical triplicate using lymphocytes from three healthy donors. Mean 
values and standard errors are represented in figure. *P<0.05, **p<0.01. CAR, chimeric antigen receptor; E:T, effector:target; 
NET, neuroendocrine tumor; SSTR, somatostatin receptor; UT, untransduced.
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Figure 4  Anti-SSTR CAR T cells effectively inhibit the growth of NET xenografts in vivo. (A) Experimental design of the 
adoptive cell transfer experiments in the NSG murine model. When the subcutaneous NET xenografts reached 1 mm3 in volume 
by caliper measurement, mice were randomized to receive PBS, UT T cells, or anti-SSTR CAR T cells by tail vein injection. 
Following treatment, mice received three daily intraperitoneal administration of recombinant human IL-2. The response to 
treatment was assessed once weekly by in vivo BLI, and tumor bioluminescence was normalized to baseline. After 4 weeks 
from treatment, mice were sacrificed and tumors, brain, pancreas and spleen were explanted. (B) Characterization of the T 
cell differentiation status of the adoptive products to be infused in mice. The flow plots of UT T cells and CAR T cells at the 
beginning (T0) and at the end of the ex vivo expansion phase (T14) are represented. (C) Characterization of the expression of 
exhaustion markers by UT T cells and CAR T cells before injection in mice. (D) Growth curves of BON1 and CM xenografts after 
treatment with anti-SSTR CAR T cells or UT T cells or PBS. Bioluminescence increase relative to baseline values is expressed 
as mean of 11 tumor-bearing mice±standard errors. *P<0.05; **p<0.01. (E) Bioluminescence images of NSG mice bearing 
CM xenografts from day 0 (i.v. infusion of PBS, UT T cells or CAR T cells) to day 28 (end of the experiment). Color scale for 
all images: min=5x107, max 7.7×108. CAR, chimeric antigen receptor; PBS: phosphate-buffered saline; SSTR, somatostatin 
receptor; UT, untransduced.
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cytokines as previously described.20 To characterize the 
composition of the cellular products infused in mice, both 
UT and CAR-transduced T lymphocytes were subjected to 
flow cytometry to determine their differentiation status as 
well as the expression of exhaustion markers. As shown in 
figure 4B, the naïve compartment decreased substantially 
after 14 days of culture with IL-2 in both UT and trans-
duced T cells, in favor of an effector memory phenotype. 
One day before injection in mice, the percentage of TN, 
TSCM, TCM, TEM and TE cells was 12.6%, 0.2%, 14%, 56.4% 
and 11.1%, respectively, in UT T cells and 13.4%, 0.5%, 
10.6%, 53.1%, and 17.1%, respectively, in CAR T cells 
(gating strategy shown in online supplemental figure 5). 
Before infusion, the expression of exhaustion markers 
such as CD39, PD-1, TOX and TIGIT was slightly higher 
in CAR T cells as compared with UT T cells (figure 4C). 
When CM and BON1 xenografts had a mean volume of 
1 mm3, mice were randomized to receive treatments. As 
shown in figure 4D,E and online supplemental figure 6, 
mice receiving anti-SSTR CAR T cells exhibited a signifi-
cant reduction in tumor growth as compared with those 
treated with UT T cells or PBS (p<0.05) by in vivo BLI. 
In particular, the difference between the three groups 
became significant after 14 and 21 days from treatment 
in CM and BON1 xenografts, respectively. No weight loss 
or abnormal animal behaviors were observed in mice 
treated with CAR T cells (data not shown).

Target persistence and CAR T cell infiltration of murine 
xenografts
To evaluate the expression of SSTR2 and SSTR5 in CM 
and BON1 xenografts, all tumors were explanted after 
mice sacrifice. By IHC, the expression of SSTR2/5 
was revealed in all but three tumors (CM, n=1; BON1, 
n=2) (figure  5A, online supplemental figure 7). Mice 
harboring these tumors had all undergone treatment 
with anti-SSTR CAR T cells. Remarkably, the individual 
growth rate of these tumors was among the lowest in the 
whole xenograft cohort (online supplemental figure 7), 
thus suggesting that this improved tumor control might 
be the consequence of the eradication of the SSTR+ 
clones induced by the CAR T treatment. We next sought 
to investigate whether CAR T cells were able to traffic and 
infiltrate into tumor xenografts. By PCR, the CAR trans-
gene was identified in all tumors treated with the trans-
duced T cells (figure 5B). We also quantified the degree 
of CAR T cell infiltration of tumor xenografts using 
ddPCR, which allows measurement of absolute gene 
copy number to determine CAR-vector positive cells. As 
shown in figure 5C, the infiltration of tumors was overall 
low after 4 weeks of administration, with improved tumor 
control observed when the number of CAR vector-positive 
cells was higher (r=−0.45; p=0.04). No relationship was 
seen between the extent of tumor necrosis identified by 
H&E staining and the treatment with CAR T cells, UT T 
cells or PBS, possibily owing to the inherent formation of 
necrosis during the growth of NET cell line xenografts 

as result of the tumoultous proliferation of tumor cells 
(online supplemental figure 7).

On-target/off-tumor toxicities in the in vivo model
We first assessed the relevance of our in vivo model in the 
evaluation of potential on-target/off-tumor toxicities. To 
this aim, we co-incubated human anti-SSTR CAR T cells or 
UT T cells with the MIN6 cell line, a murine panNET cell 
line expressing SSTR2/5 (table 1). As shown in figure 5D 
and online supplemental figure 2, anti-SSTR CAR T 
cells, but not UT T cells, exhibited a specific tumoricidal 
activity against MIN6 cells, thus demonstrating that the 
transduced T cells could recognize the murine isoforms 
of SSTRs. In line with this observation, anti-SSTR CAR 
T cells produced significantly higher amounts of IFN-γ 
than UT T cells when incubated for 24 hours with MIN6 
cells (figure  5E). We then investigated whether CAR T 
cells were able to infiltrate and persist into the murine 
spleen, pancreas or brain as models of SSTR-expressing 
organs. PCR experiments demonstrated the presence of 
the CAR transgene in all explanted organs (figure 5B). 
Finally, we evaluated the presence of microscopic tissue 
damage in SSTR-expressing organs. By H&E staining, 
no obvious damage could be observed in the spleen, 
pancreas or brain of mice treated with anti-SSTR CAR T 
cells (figure 5F).

DISCUSSION
The remarkable success of CAR T cell therapy against 
hematologic malignancies highlights a promising direc-
tion to improve cancer immunotherapy. In this study, we 
evaluated the antitumor activity of CAR T cells targeting 
SSTR+ NET cell lines in vitro and in vivo. To the best of 
our knowledge, this is the first report to highlight the 
possibility of effectively incorporating a synthetic peptide 
drug within the extracellular moiety of a CAR.

In recent years, immune checkpoint inhibitors (ICIs) 
have represented a major breakthrough in the treatment 
of cancer. However, this form of immunotherapy has 
shown only marginal activity against well-differentiated 
NETs,21–24 probably as the result of their low mutational 
burden, ‘cold’ immune microenvironment, rare PD-L1 
positivity and defective HLA expression.25–27 While adop-
tive T cell immunotherapy has the potential to circum-
vent the hurdles of ICIs, such an approach has never been 
investigated in NETs so far.

The frequent overexpression of SSTRs by well-
differentiated NETs makes this family of receptors 
an attractive target for CAR T cell therapy. Given that 
SSTR subtypes may be expressed differently across NETs 
of different primary sites,3 the generation of a CAR 
targeting all or most of the SSTRs appears highly desir-
able to cover the whole spectrum of NETs. Octreotide 
is a synthetic octapeptide derived from the human 
hormone somatostatin and is used to control both secre-
tion and proliferation of NETs in clinical practice since 
the 1980s. Its cyclic structure is imparted by a naturally 

https://dx.doi.org/10.1136/jitc-2022-004854
https://dx.doi.org/10.1136/jitc-2022-004854
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Figure 5  Anti-SSTR CAR T cells infiltrate human xenografts and murine SSTR-expressing organs. (A) Visualization of SSTR2 
(UMB1 mAb) and SSTR5 (UMB5 mAb) within tumor xenografts by IHC. Magnification: ×20. Scale bar: 100 µm. (B) Explanted 
CM tumor xenografts as well as SSTR-expressing organs such as murine spleen, pancreas and brain were lysed and subjected 
to DNA extraction. The infiltration of CAR T cells was demonstrated by PCR using primers specific for the anti-SSTR CAR 
sequence. The purified CAR construct DNA was used for positive control experiments. Distilled water was used in negative 
control experiments. (C) FAM-labeled and HEX-labeled probes against the CAR sequence and the MKL2 reference gene, 
respectively, were employed in ddPCR experiments to quantify the infiltration of CM (blue dots) and BON1 xenografts (red dots) 
by anti-SSTR CAR T cells. An inverse correlation can be observed between CAR T cell infiltration and tumor bioluminescence 
increase relative to baseline. (D) Anti-SSTR CAR T cells recognize and kill the MIN6 cells, a murine NET cell line expressing 
SSTR2/5. By in vitro BLI, CAR T cells induced cell death in the 48% of Luc+ MIN6 cells as compared with UT T cells at an E:T 
ratio of 1:1 after 72 hours of coculture. (E) IFN-γ release on 24 hours coculture of NET cells with CAR T cells or UT T cells at 
an E:T ratio of 1:1. (F) Histopathological analysis of human NET xenografts and murine pancreas and brain by H&E staining. 
Extensive necrosis foci could be identified within tumors (arrowhead). Representative microphotographs show the absence 
of necrosis or other tissue damages in the context of the murine pancreas and brain. Magnification: x20. Scale bar: 100 µm. 
**P<0.01. CAR, chimeric antigen receptor; ddPCR, droplet digital PCR; E:T, effector:target; IHC, immunohistochemistry; NET, 
neuroendocrine tumor; SSTR, somatostatin receptor; UT, untransduced.
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occuring disulfide bridge between two cysteine residues. 
Octreotide binds with high affinity to SSTR2 and SSTR5, 
moderate affinity to SSTR3 and low affinity to SSTR1 
and SSTR4.3 We, therefore, decided to incorporate this 
SSA in the extracellular domain of a CAR containing 
CD3ζ and CD28 as stimulatory and costimulatory 
domains, respectively, to impart target specificity against 
SSTRs. Notably, while the pharmacophoric sequence of 
octreotide comprises Phe7-D-Trp8-Lys9-Thr10 in the β-turn 
responsible for interaction with SSTRs, only L- amino 
acids could be incorporated in our CAR. Nevertheless, 
prior research demonstrated that, despite increasing the 
stability of the free compound, the D- conformation does 
not modify the binding affinities to SSTRs.28–31 Multiple 
CAR variants differing in their extracellular portion were 
preliminarily tested in our study (data not shown), but 
only one comprizing two octreotide molecules inter-
spaced by a short linker showed structural stability, with 
CAR-specific bands detectable by WB in transduced T 
cells. Such a variant, that does not necessarily bind more 
than one SSTR contemporarily, was therefore chosen for 
subsequent testing.

We evaluated the efficiency of retroviral transduc-
tion by ddPCR and found that approximately one third 
of transduced T cells incorporated the CAR transgene 
after 2 weeks from transduction. Owing to the possible 
incorporation of multiple CAR copies per genome, a 
possible overestimation of transduction efficiency cannot 
be excluded in our study. However, emerging evidence 
indicates that a linear relationship exists between the 
average CAR copy number per cell measured by ddPCR 
and the proportion of transduced T cells as measured 
by flow cytometry.32–35 In this context, ddPCR allowed us 
to overcome problems related to results inconsintency 
commonly observed with poorly characterized Abs (like 
those commercially available against octreotide) and to 
keep the construct free of modifications (ie, insertion of 
tag genes) not compatible with immediate clinical trial 
testing.

In this study, we demonstrate potent, target-dependent 
cytotoxicity of anti-SSTR CAR T cells against a variety of 
NET cell lines characterized by various levels of SSTR2/5 
expression. Notably, we show that the antitumor activity 
is not only antigen-specific, but also parallels the known 
binding affinity profile of octreotide toward SSTR2 (0.56 
nM) and SSTR5 (7 nM),3 as demonstrated by co-incuba-
tion of CAR T cells with CM-SSTR2mut or CM-SSTR5mut 
cell lines. In this context, the overall decrease of SSTR 
density determined by SSTR2/5 knockout might play 
a major role in reducing the effectiveness of anti-SSTR 
CAR T cells, consistent with prior evidence showing a 
tight dependency between CAR T cell activity and antigen 
expression density.36–40 Nuclear medicine imaging tech-
niques employing radiolabeled somatostatin analogs1 
might be used in the future to determine the therapeutic 
window41 of anti-SSTR CAR T cells in humans as well as to 
preselect the patients most likely to respond to this form 
of therapy.

Consistent with in vitro findings, adoptive cell transfer 
of anti-SSTR CAR T cells in NSG mice resulted in a signifi-
cant inhibition of the human xenograft growth. Although 
graft-versus-host disease due to allogeneic T cell responses 
is inevitable in murine models of tumor cell line xeno-
grafts, the different tumor growth profile observed in 
mice treated with UT T cells or CAR T cells indicates 
that the antitumor effect is primarily target-specific. In 
this context, halting T cell differentiation throughout the 
ex vivo expansion of CAR T cells might likely result in 
an improvement of the cytotoxic potential of the T cell 
transfer.42 Indeed, approximately 70% of the CAR T cells 
infused in our murine model displayed a late differen-
tiated, effector phenotype (TEM+TE). In light of recent 
evidence showing the emergence of CD4+ populations 
with a repertoire dominated by a small number of clones 
in leukemia patients with decade-long responses induced 
by anti-CD19 CAR T cells,43 we cannot exclude that the 
transduction of bulk lymphocytes containing both CD4+ 
and CD8+ T cells instead of CD8+ T cells only might have 
resulted in improved antitumor control.

The expression of SSTRs is not strictly confined to NETs. 
The receptors are indeed expressed physiologically by 
dispersed neuroendocrine cells, primarily in the hypoph-
ysis and in the islets of Langherans, as well as in the brain, 
kidney, spleen and exocrine pancreas.44 Treatments 
targeting SSTRs, including those with cytolytic potential,6 
are routinely used in clinical practice, and no relevant 
toxicities are observed as result of a disrupted function 
of SSTR-expressing organs.3 45 Nevertheless, on-target/
off-tumor toxicities represent one of the major obstacles 
associated with the development of new CAR T cell ther-
apies in humans, and fatal events have been ascribed to 
the specific target recognition in healthy organs.46 SSTRs 
are highly conserved across species, and a high degree 
of homology exists between the human and mouse genes 
(SSTR2: 99%; SSTR5: 80%).47 48 Consistent with prior 
evidence demonstrating that SSAs are able to bind the 
murine SSTRs,49 50 we showed that anti-SSTR CAR T cells 
exerted antitumor activity against murine NET cells in 
vitro. This implies that our animal model could be rele-
vant in predicting potential on-target/off-tumor toxic-
ities in humans, although species-specific differences in 
the anatomical distribution of SSTR-expressing cells as 
well as the mouse immunodeficiency per se should be 
acknowledged as potential confounders, among many 
others. Surprisingly, the anti-SSTR CAR T cells displayed 
no obvious toxicities in the brain and pancreas of treated 
mice, although the presence of CAR-positive cells was 
uniformly documented in these organs. Although we are 
currently unable to provide a mechanistic explanation for 
such a finding, our observation is in line with that of Smith 
et al,49 who recently developed a hybrid adeno-associated 
virus and phage (AAVP) vector displaying octreotide on 
the viral surface for ligand-directed delivery of TNF to 
NETs and showed the specific localization of the AAVP 
in tumorous, but not normal, neuroendocrine glands. 
The mechanism underlying this surprizing phenomenon 
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should be further explored, and the differential expres-
sion density of SSTRs51 as well as the specific receptor 
localization on the membrane of NET cells and normal 
cells should be investigated.

In summary, this study demonstrates that a biologically 
active drug can be successfully used as a displayed ligand 
to impart target specificity to CAR T cells. We chose the 
octreotide peptide motif as an octapeptide synthesized 
with natural residues, favorable pharmacological attri-
butes and a very well-established track record for targeted 
drug delivery to NETs. The framework used here is suit-
able for other known, short, biologically active drugs 
capable of directing CAR T cells toward their target. The 
results of this study constitute the first report concerning 
CAR T cells redirected to SSTRs. Given their antitumor 
potential and apparently safe toxicity profile, anti-SSTR 
CAR T cells could be a promising therapeutic option for 
NETs. The availability of nuclear medicine imaging tech-
niques using radiolabeled octreotide to characterize the 
expression of SSTRs in human NETs could be used to 
predict responses to anti-SSTR CAR T cells in patients. 
Strategies involving the optimization of the efficacy and 
the enhancement of the persistence of the anti-SSTR 
CAR T cells (ie, through testing of different costimula-
tory domains or use of culture conditions less likely to 
promote T cell terminal differentiation52) as well as the 
inclusion of suicide gene safety switches to render this 
therapeutic approach safer may be devised to capitalize 
on the described antitumor activity of the anti-SSTR CAR.
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