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ABSTRACT
Somatostatin receptor type 2 (SSTR2) is one of the five subtypes of somatostatin receptors and is 
overexpressed on the surface of most gastro-entero-pancreatic neuroendocrine tumors (GEP-NETs), 
pituitary tumors, paraganglioma, and meningioma, as well as hepatocellular carcinoma and breast cancer. 
Chimeric antigen receptor (CAR) T-cells are genetically engineered to express an artificial, T-cell activating 
binder, leading upon ligation to biocidal activity against target-antigen expressing cells. Adaptor-CAR 
T-cells recognize, via the CAR, a tag on an antigen-binding molecule, building an activating bridge 
between the CAR and the target cell. We hypothesized that a novel fluorescent-peptide antagonist of 
SSTR2, called Octo-Fluo, in combination with anti-FITC adaptor CAR (AdFITC(E2)-CAR) T-cells, may function 
as an on-off tunable activating bridge between the CAR and SSTR2 expressing target cells. In vitro studies 
confirmed the binding of Octo-Fluo to Bon1-SSTR2 mCherry-Luc cells without evidence of internalization. 
AdFITC(E2)-CAR T-cells were activated and efficiently induced Bon1-SSTR2 cell death in vitro, in an Octo- 
Fluo concentration-dependent manner. Similarly, AdFITC(E2)-CAR T-cells in combination with Octo-Fluo 
efficiently infiltrated the tumor and eliminated Bon1-SSTR2 tumors in immunodeficient mice in therapeu-
tic settings. Both, AdFITC(E2)-CAR T-cell tumor infiltration and biocidal activity were Octo-Fluo concentra-
tion-dependent, with high doses of Octo-Fluo, saturating both the CAR and the SSTR2 antigen 
independently, leading to the loss of tumor infiltration and biocidal activity due to the loss of bridge 
formation. Our findings demonstrate the potential of using AdFITC(E2)-CAR T-cells with Octo-Fluo as 
a versatile, on-off tunable bispecific adaptor for targeted CAR T-cell immunotherapy against SSTR2- 
positive NETs.

ARTICLE HISTORY 
Received 31 January 2024  
Revised 28 September 2024  
Accepted 30 September 2024 

KEYWORDS 
Adaptor-CAR T-cell; 
neuroendocrine tumors; 
Octo-fluo bispecific adaptor; 
SSTR2

Introduction

Neuroendocrine tumors (NETs) are neoplasms arising from 
cells of the endocrine and nervous systems. In the United 
States, the age-adjusted incidence rate increased 6.4-fold from 
1973 (1.09 per 100’000) to 2012 (6.98 per 100’000).1 Currently, 
there are about 12’000 new cases diagnosed each year and 
171’000 patients living with Neuroendocrine tumors (cancer. 
net) which now represent the second most prevalent malig-
nancy of the gastro-entero-pancreatic (GEP) tract. The current 
treatment options for advanced-stage NETs are limited and 
clinical outcomes are poor. Thus, novel therapeutic approaches 
are required.

Somatostatin receptors (SSTRs) are a family of G protein- 
coupled receptors that are expressed on the surface of various 
cells, including those of the endocrine and nervous systems.2,3 

SSTR2 is one of the five subtypes of somatostatin receptor and 
is known to be overexpressed on the surface of GEP-NETs, 

pituitary adenomas, paraganglioma, and meningioma, as well 
as hepatocellular carcinoma and breast cancer.4,5 Therefore, 
SSTR2 is a promising target for the development of therapies 
in NETs. Current targeting tools against SSTR2 are being 
employed for both diagnostic and therapeutic applications. 
DOTA-Tyr3-octreotate (DOTA-TATE) is a cyclic peptide ago-
nist, which binds with a high affinity to SSTR2 and SSTR5. 
Accordingly, specific labeling with either diagnostic or thera-
peutic isotopes has been explored. [68Ga]Ga-DOTA-TATE has 
been used for the detection of SSTR2-positive tumors such as 
GEP-NETs and meningioma. In addition, the application of 
local irradiation with [177Lu]Lu-DOTA-TATE has shown high 
specificity and efficacy in slowing the progression of NETs in 
clinical trials.6,7

Several immunological tools have been assessed against 
NETs using SSTR2 as tumor-associated antigen (TAA). Si 
and coworkers developed a novel antibody–drug conjugate 
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(ADC), consisting of a mAb IgG1 fused via a chemical linker to 
monomethyl auristatin E (MMAE).8 Using this agent in 
a clinical study, they demonstrated significant tumor growth 
retardation. Lee and colleagues developed an anti-SSTR2 × 
anti-CD3 bispecific antibody including a full Fc domain to 
extend the serum half-life.9 The bispecific antibody displayed 
potent anti-tumor activity in subcutaneous NSG in vivo mod-
els. Furthermore, the bispecific antibody was shown to activate 
CD4 and CD8 T-cells in cynomolgus monkeys.

Another immunotherapeutic option against SSTR2-positive 
NETs might be chimeric antigen receptor T-cells (CAR 
T-cells). CAR T-cells are T-cells expressing, via genetic intro-
duction, a synthetic T-cell activating receptor (frequently 
derived from an antibody) against defined antigens. The 
approved application of CAR T-cells is currently limited to 
B-cell and plasma-cell malignancies, targeting CD19 and B-cell 
maturation antigen (BCMA)10 , .11,12 In a recent preclinical 
study led by Mandriani et al., the authors tested the efficacy of 
anti-SSTR CAR T-cells against NETs cell lines.13 The construct 
employed two octreotide peptides as SSTR binding moieties, 
conveying the ability to bind to multiple members of the SSTR 
family (SSTR2 and SSTR5), and they demonstrated tumor 
growth retardation in subcutaneous NET xenograft mouse 
models.

While CAR T-cells show high efficacy in certain settings, it 
is also becoming evident that they can induce severe side effects 
such as cytokine release syndrome (CRS), making it desirable 
to develop on-off regulation of CAR T-cell activity. Several 
suicide gene mechanisms have been developed to eradicate 
the CAR T-cells in case of severe adverse events, which, how-
ever, results in terminal CAR T-cell loss.14,15 The need for 
functional on-off regulation of CAR T-cells has led to the 
development of adaptor-CAR T-cells (Ad-CAR T-Cells)16 , 

.17–20 In this setting, Ad-CAR T-cells bind to a tag, which is 
placed on the TAA binding agent, composed of an antibody 
construct or a small-molecule ligand. By doing so, the interac-
tion between the Ad-CAR T-cells and the tumor cells depends 
on the bispecific adaptor’s presence.

We here generated and validated a new fluorescent-peptide 
antagonist of SSTR2, termed Octo-Fluo, and tested this as an 
adaptor in combination with anti-FITC adaptor-CAR 
(AdFITC(E2)-CAR) T-cells. We demonstrate the efficient 
elimination of SSTR2-expressing NET-cells in vitro and 
in vivo in therapeutic settings in xenogeneic mouse models.

Results

Octo-Fluo production and surface-binding validation on 
Bon1-SSTR2 mCherry-Luc cells

We aimed to generate a peptide molecule targeting SSTR2, 
which would work as a bispecific engager of an anti-FITC 
Adaptor CAR T-cell platform for the treatment of neuroendo-
crine tumors (NETs). The SSTR2-binding compound 3, 
referred to as Octo-Fluo, was obtained through a one-pot 
procedure, which is described in Figure 1A and detailed in 
Supp. scheme 1–3. Initially, compound 1 (linker) and fluores-
cein isothiocyanate were coupled, followed by quenching of the 
unreacted FITC. The portable SSTR2 antagonist Octo-azido 

moiety (Octo-N3) was then added to the dibenzocyclooctyne 
group (DBCO) via copper-free alkyne-azide cycloaddition 
(CuAAC) “click” reaction. This strategy enabled the construc-
tion of an SSTR2 receptor-binding fragment connected to 
fluorescein moiety using a hydrophilic linker, soluble in 
water at physiological pH. Supplementary Fig. S1–7 shows 
the HPLC and LC-MS profiles of each reaction step. We then 
performed titration assays by flow cytometry to assess the 
binding affinity of the Octo-Fluo to a Bon1-SSTR2 mCherry- 
Luc cell line, illustrated as histograms in Figure 1b and as 
a sigmoid curve in Figure 1c. The results confirmed the binding 
of the Octo-Fluo bispecific adaptor, exhibiting a high affinity 
toward SSTR2. The immunofluorescence staining of healthy 
pancreas shown in Figure 1d was performed using the Octo- 
Fluo as the primary stain, highlighting the specific binding of 
the Octo-Fluo to SSTR2 expressed on pancreatic islets. 
Furthermore, using the same staining protocol, we labeled 
SSTR2 expressing paraganglioma biopsies (Figure 1d). To vali-
date surface binding, we visualized the linker by confocal 
microscopy studies (Figure 1e). The Octo-Fluo, indicated in 
green, demonstrated extracellular membrane coating when 
bound to SSTR2, as well as no accumulation when SSTR2 
was absent, as shown with Bon1-WT cells. The mCherry 
stain, depicted in red, was included as an internal control for 
an intracellular signal. To confirm the non-internalizing bind-
ing of our adaptor molecule when binding SSTR2, we con-
ducted longer adaptor exposure to the Bon1-SSTR2 mCherry- 
Luc cells at time points of 3 and 6 h at 37°C (shown in Supp. 
Fig. S8). The results show that at both time points the fluor-
escein coats the plasma membrane without accumulating 
intracellularly. Taken together, these findings confirm that 
the interaction between the Octo-Fluo bispecific adaptor and 
the Bon1-SSTR2 mCherry-Luc cells results in co-localization 
and accumulation of the plasma membrane with undetectable 
internalization in the applied assay.

Production of AdFITC(E2)-CAR T-cells and in vitro biocidal 
activity against Bon1-SSTR2 cells and H69 non-small cell 
lung cancer cells in combination with Octo-Fluo

Given the promising binding properties of Octo-Fluo, we pro-
duced anti-FITC Adaptor CAR T-cells, using a previously 
published anti-FITC single-chain fragment variable (scFv) 
generated from the sequence of the E2 antibody.21 We gener-
ated a lentiviral vector that contains the transgene encoding the 
AdFITC(E2)-CAR cassette. The second-generation AdFITC 
(E2)-CAR was linked to RQR8, a marker for gene expression, 
that may be used for CAR T-cell selection and depletion,14 via 
a T2A cleavable linker. The graphical representation depicted 
in Figure 1f illustrates the various components of the immu-
notherapeutic system based on AdFITC(E2)-CAR T-cells and 
the Octo-Fluo bispecific adaptor, acting as a bridging element 
between effector and SSTR2-expressing target cell. The 
AdFITC(E2)-CARs were expressed on primary healthy-donor 
derived T cells (Supp. Fig.9A). The cytotoxicity assay consisted 
of co-incubated AdFITC(E2)-CAR T-cells and Bon1-SSTR2 
with Octo-Fluo concentrations varying from 30 fM to 3 μM. 
Target cell death was measured by flow cytometry at 24, 48 and 
72 h (Figure 2a–c), highlighting an optimal range of 
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concentrations between 0.25 nM and 3 μM where the highest 
Bon1-SSTR2 depletion occurred. Furthermore, when validat-
ing the cytotoxicity on Bon1-SSTR2-Low and – High cells 
(Supp. Fig. S11), we show reduced cytolysis at 48 h in the cell 
lines with a lower SSTR2 expression. However, considering the 
SSTR2 expression profile of the Bon1-SSTR2-Low cells, the 
cytolysis at the optimal concentrations of the adaptor is still 
roughly 40%. To confirm the impact of SSTR2 expression on 

lytic activity, we evaluated the system against another cell line, 
the non-small cell lung cancer cell line H69. H69 expresses low 
levels of SSTR2, as shown in Supp. Fig. 16 by flow cytometry 
(Supp. Fig. S16A) and immunohistochemistry (IHC, Supp. Fig. 
S16B). In similar in vitro experiments, as with Bon1-SSTR2+ 
cells (Figure 2), we observed efficient Octo-Fluo dose- 
dependent CAR T-cell lytic activity and activation (Supp. 
Fig. S17).

a b
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Figure 1. Octo-Fluo synthesis and in vitro validation in combination with AdFITC(E2)-car T-cells. (a) Chemical structure and one-pot synthesis of compound 3 (Octo-Fluo). 
Reaction conditions a) DMSO, TEA (10 eq.), 1 h, 37°C; b) 1-(2-Aminoethyl)piperidine (10 eq.), 15’, 37°C; c) DMSO, 15’, 37°C; d) formic acid (up to pH ~ 3), HPLC purification. 
(b, c) Octo-Fluo titration on Bon1-SSTR2 mCherry Luc cell line, analyzed by flow cytometry, shown as a histogram with relative MFI (n = 3) (b) and as sigmoid curve (C). 
(d) Immunofluorescence on healthy pancreas tissue and three Paraganglioma patient samples was performed using the Octo-Fluo adaptor (scale indicates 100 μm). The 
green color (fluorescein) and blue (DAPI) represent SSTR2 expression and cell nuclei, respectively. (e) Confocal microscopy pictures after exposure to the Octo-Fluo on 
Bon1-WT and Bon1-SSTR2 expressing cells. The colors represent the following: Green = Octo-Fluo, Red = mCherry (intracellular), Blue = DAPI (nuclear stain), and the 
scale bar = 10 μM. (f) Graphical representation of Octo-Fluo-dependent bridging of AdFITC(E2)-CAR T-cell to the SSTR2-expressing target cell.
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Figure 2. AdFITC(E2)-car T-cells are fully activated in vitro only in the presence of both, antigen-expressing target cells and Octo-Fluo adaptor. Quantification of the 
AdFITC(E2)-CAR T-cell biocidal activity, CD25, CD69 and PD1 expression toward Bon1-SSTR2 mCherry-Luc cells in the presence of increasing concentrations of Octo-Fluo 
at the indicated time-points 24 h (a), 48 h (b), and 72 h (c) (n = 3 donors in triplicate). The effector-to-target ratio was fixed at 1:1. The negative controls to all 
experiments were as follows: NI; AdFITC(E2)-CAR T-cell with 5 nM Octo-Fluo against Bon1-WT mCherry-Luc cells, NII; AdFITC(E2)-CAR T-cells on Bon1-SSTR2 mCherry-Luc 
without Octo-Fluo added, NIII; Bon1-SSTR2 with 3 μM Octo-Fluo. For the statistical analysis, we compared the cell death of each condition to NI. (d) Representative flow 
cytometry plots illustrating AdFITC(E2)-CAR T-cell activation as determined by CD25, CD69 and PD1 expression as well as by cell division (n = 3 donors in triplicate). 
Effector cells were co-cultured with tumor cells which were SSTR2 negative or positive, in the presence and absence of the Octo-Fluo and analyzed after 48 hr. The 
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In summary, the biocidal activity of the AdFITC(E2)-CAR 
T-cells is dependent on the presence of an adequate concentra-
tion of the Octo-Fluo bispecific adaptor, with high activity 
across a 4-log fold concentration range.

AdFITC(E2)-CAR T-cell in vitro and in vivo activation is 
conditional to the presence of both the Octo-Fluo adaptor 
and tumor-associated antigen-expressing cells

We next aimed to determine if the adaptor in the absence of 
the tumor-target antigen would activate AdFITC (E2)-CAR 
T-cells, posing a possible safety concern. We ascertained 
T-cell and AdFITC(E2)-CAR T-cell activation status, 
assessed by early and late activation markers CD69 and 
CD25, in the presence and absence of the Octo-Fluo adaptor 
with or without SSTR2-expressing target cells by respective 
co-incubation assays. Figure 2d illustrates the gating strategy 
and data acquired by flow cytometry after 48 h of exposure 
to each condition. AdFITC (E2)-CAR T-cells and control 
T-cells (Supp. Fig 10) were not activated with the Octo- 
Fluo alone, as indicated by low or absent CD69/CD25 and 
PD1 expression. In contrast, when the AdFITC(E2)-CAR 
T-cells were exposed to Bon1-SSTR2 cells and Octo-Fluo 
(Figure 2d), CD69/CD25 and PD1 expression increased to 
58%/89.5% and 77%, respectively. Meanwhile, when we 
exposed AdFITC(E2)-CAR T-cells to SSTR2 negative tumor 
cells (Bon1-WT) and Octo-Fluo, CD69/CD25 and PD1 
expression increased to 48/37% and 15.4%, respectively. We 
also assessed the activation status in vivo. As shown in Supp. 
Fig. 12A, we subcutaneously (s.c.) implanted 8 × 106 Bon1- 
SSTR2 mCherry-Luc tumor cells in the flank of NSG mice. 
After 14 d, once the tumors reached an average size of 
80 mm3, mice were treated by intravenous (i.v.) administra-
tion of 107 AdFITC(E2)-CAR T-cells, with or without con-
comitant i.v. injection of Octo-Fluo (0.5 nmol every 12 h). 
On day 21, upon terminal analysis, we harvested blood, 
spleen and tumor and analyzed them via flow cytometry. 
The AdFITC (E2)-CAR T-cell activation status in the spleen 
underlined a comparable inactive state between mice receiv-
ing AdFITC(E2)-CAR T-cells alone and with the adaptor 
(Supp. Fig. 12B). However, in the tumor tissues (Supp. 
Fig. 12B), the AdFITC(E2)-CAR T-cells alone were not 
detected (ND), whereas the group that received the adaptor 
demonstrated tumor infiltration, with a marked polarization 
toward CD69+CD25- and CD69+CD25+ active state. The 
intra-tumor AdFITC(E2)-CAR T-cells seem to be shifted 
toward CD8 cytotoxic T-cells, as shown in Supp. Fig. 12D, 
when compared to the CD4:CD8 ratios observed in the 
spleen of the same animals. To test if phenotypic T-cell 
activation correlated with cytokine release, we measured IL- 
2 and IFNγ in supernatants of co-cultures in each condition 
(Figure 2e). The results demonstrate strong cytokine release 
only in the presence of all elements, AdFITC(E2)-CAR 
T-cells, Octo-Fluo and Bon1-SSTR2. Supp. Fig. 12E describes 

the model used to validate the on-demand AdFITC(E2)-CAR 
T-cell activity by measuring IFNγ release detected from the 
serum. The schematic representation delineates that on day 
17 we halted the infusions of the adaptor molecule, whilst 
maintaining the administrations in the positive control 
group. On day 21, we terminated the experiment and col-
lected the serum. The IFNγ levels at day 17 show that the 
group that received both the AdFITC(E2)-CAR T-cell and 
the adaptor yielded significantly higher IFNγ levels when 
compared to AdFITC(E2)-CAR T-cells alone. On day 21, 
the group that continued to receive the adaptor infusions 
showed a significant increase in IFNγ secretion compared to 
the group where the adaptor injections were stopped. Thus, 
these data indicate that binding of Octo-Fluo to AdFITC 
(E2)-CAR T-cells without crosslinking to SSTR2-expressing 
target cells will likely not cause a safety limitation of the 
approach.

Tumor eradication by AdFITC(E2)-car T-cells in vivo

To determine the efficacy of AdFITC(E2)-CAR T-cells in com-
bination with Octo-Fluo in vivo, we subcutaneously (s.c.) 
implanted 8 × 106 Bon1-SSTR2 mCherry-Luc tumor cells in 
the flank of NSG mice. After 14 d, once the tumors reached 
an average size of 80 mm3, mice were treated by intravenous (i. 
v.) administration of 107 AdFITC(E2)-CAR T-cells, with or 
without concomitant i.v. injection of Octo-Fluo (2.5 or 0.5  
nmol every 12 h). The experimental setup is shown in 
Figure 3a. In mice receiving PBS and only AdFITC (E2)-CAR 
T-cells, the tumors grew in similar kinetic and size, whereas 
tumors were eradicated by twice daily additional application of 
Octo-Fluo (Figure 3b–d). The quantification of the total flux 
illustrated in Figure 3c underlines the slower tumor eradication 
kinetics of the 2.5 nmol Octo-Fluo group compared to the 
reduced dose group of 0.5 nmol. The tumor volume and body 
weight changes, shown in Figure 3d, highlight the maintenance 
of health in the groups that received 0.5 and 2.5 nmol of Octo- 
Fluo, whereas the control groups showed a decrease in body 
weight, likely due to tumor progression. To investigate if these 
findings would also be observed with a cell line expressing lower 
antigen levels, we subcutaneously implanted 5 × 106 H69 tumor 
cells in the flanks of NSG mice (see Supp. Fig. S18A). At day 18, 
when tumors averaged 80 mm3 in size, mice received an intra-
venous administration of 107 AdFITC(E2)-CAR T-cells, with or 
without simultaneous intravenous injections of Octo-Fluo (0.5  
nmol every 12 h). Mice treated with PBS, the Octo-Fluo adaptor 
alone, or AdFITC(E2)-CAR T-cells alone exhibited rapid tumor 
growth. In contrast, mice treated with both AdFITC(E2)-CAR 
T-cells and the Octo-Fluo adaptor showed delayed tumor pro-
gression (Supp. Fig. S18B). Analysis of tumors by IHC revealed 
low infiltrates of huCD3+ and huCD25+ AdFITC(E2)-CAR 
T-cells in the Octo-Fluo treatment group, while mice that 
received only AdFITC(E2)-CAR T-cells showed no CAR 
T-cell infiltration (Supp. Fig. S18C).

effector-to-target ratio was fixed at 1:1. On the right, graphical quantification of the CD25 and CD69 markers as well as PD1 shown in D after 24 h, 48 h, and 72 h. (e) IFNγ 
and IL-2 quantification analysis by ELISA on the supernatant of the activation assay shown in D. For the statistical analysis, not shown = not significant, **** p ≤ 0.0001, 
*** p ≤ 0.0002, ** p ≤ 0.003, * p ≤ 0.01 (two-way ANOVA test, followed by Bonferroni’s multiple comparison test).
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Together, the results indicate a strong in vivo anti-tumor 
response in highly SSTR2-expressing Bon1 tumors and 
a delayed tumor progression in lower SSTR2-expressing H69 
tumors, correlated with a higher and lower CAR T-cell 
infiltration.

Excess administration of Octo-Fluo in vivo inhibits AdFITC 
(E2)-car T-cell tumor infiltration and function

To further assess the Octo-Fluo dose-dependent effect, we 
repeated the experiment with the working doses of 0.5, 2.5 
and a higher dose of 12.5 nmol. Figure 4a summarizes the 

a

b

c

d

Figure 3. AdFITC(E2)-car T-cells in combination with Octo-Fluo eliminate established Bon1-SSTR2 mCherry-luc tumors in vivo. (a) Schematic representation of the in vivo 
therapy set-up. At day 0, NSG mice were injected s.c. in the flank with 8 × 106 Bon1-SSTR2 mCherry-Luc positive cells. Tumors reached ±0 mm3 on day 14 and were 
detectable by bioluminescence (IVIS); mice subsequently received 107 AdFITC(E2)-CAR T-cells i.v. and either none or 2.5 nmol or 0.5 nmol of Octo-Fluo every 12 h i.v. for 
3 weeks; mice were sacrificed at day 35 (n = 3 mice per group). (b) Bioluminescence imaging of mice before treatment and at the indicated time points. (c) Graphical 
quantification of the total IVIS flux measured in the analysis shown in B. (d) Tumor volume and mouse body weight change during the experiment. For the statistical 
analysis, not shown = not significant, **** p ≤ 0.0001 (two-way ANOVA test, followed by Bonferroni’s multiple comparison test).
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experimental setup. Briefly, 8 × 106 Bon1-SSTR2 mCherry-Luc 
tumor cells were engrafted s.c. in the flank of NSG mice. After 
14 d, mice were administered i.v. 107 AdFITC(E2)-CAR 
T-cells. For this experiment, we i.v.-injected every 12 h with 
three increasing doses of Octo-Fluo: 0.5, 2.5, and 12.5 nmol. As 
shown by Supp. Fig. 13, tumor volume measurements indicate 
that twice daily injection of 12.5 nmol of Octo-Fluo hindered 
the anti-tumor response by saturating both the AdFITC(E2)- 
CARs and SSTR2 present on the tumor cell. Overall, we did not 
observe significant toxicities between the treatment arms, as 
shown by the body weight in Supp. Fig. 13C. Furthermore, as 
confirmed also by the experiment described in Supp. Fig. 14, 

the antagonist alone does not induce tumor growth retarda-
tion. This resulted in tumor outgrowth, while 2.5 and 0.5 nmol 
both exhibited tumor responses. To further understand the 
mechanism behind these different outcomes, we analyzed the 
distribution of the AdFITC (E2)-CAR T-cells in blood, spleen 
and tumors, as shown in Figure 4b. The findings illustrate that 
regular injections of 12.5 nmol Octo-Fluo resulted in the 
absence of AdFITC(E2)-CAR T-cells in the tumor microenvir-
onment, which instead remained present in the blood and 
spleen, albeit showing a significant expansion when compared 
to the AdFITC(E2)-CAR T-cells without Octo-Fluo injection. 
To better understand whether the expansion we see in the 12.5  

a

b

Figure 4. Octo-Fluo dose-dependent in vivo anti-tumor efficacy of AdFITC(E2)-car T-cells. (a) Schematic representation of the dose escalation study. On day 0, NSG mice 
were injected s.c. in the flank with 8 × 106 Bon1-SSTR2 mCherry-Luc positive cells. On day 14 (at a tumor volume of ±0 mm3), 107 AdFITC(E2)-CAR T-cells were injected i. 
v. followed by either 12.5 nmol, 2.5 nmol, or 0.5 nmol Octo-Fluo i.v. injections repeatedly every 12 h. PBS-injected mice and AdFITC(E2)-CAR T-cell (without Octo-Fluo) 
injected mice served as negative control. Mice (blood, spleen and tumor) were terminally analyzed at day 28 (n = 3 mice per group). For the statistical analysis, not 
shown = not significant, **** p ≤ 0.0001, *** p ≤ 0.0002, ** p ≤ 0.003, * p ≤ 0.01 (two-way ANOVA test, followed by Turkey’s multiple comparison test) (b) Percentage of 
AdFITC(E2)-CAR T-cells detected by flow cytometry (huCD45+, and huCD3) in blood, spleen and tumor tissues of mice at day 28. The mice treated with both AdFITC(E2)- 
CAR T-cells and 0.5 nmol Octo-Fluo achieved complete tumor eradication. Therefore, quantification of huCD3-positive tumor-infiltrating cells was not possible. (c) Flow 
cytometry and immunofluorescence (huCD3) data showing the human immune cell infiltration in tumors at day 28 (scale indicates 100 μm).
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nmol group in Figure 4b is antigen-mediated, Supp. Fig. 15 
describes an in vivo therapy study in mice implanted with 
Bon1-WT tumors (SSTR2 negative). The results, shown in 
Supp. Fig. 15B underlines no relevant expansion in blood, 
spleen and tumor tissues when comparing mice that received 
AdFITC(E2)-CAR T-cells with or without the adaptor mole-
cule. Meanwhile, when mice were treated with 2.5 nmol of 
Octo-Fluo (Figure 4b), there was a marked increase in 
AdFITC(E2)-CAR T-cells in the tumor mass, while only 
a low population density was observed in the blood and spleen. 
Further, the AdFITC(E2)-CAR T-cell distribution in mice 
treated with 0.5 nmol Octo-Fluo indicated that once the 
tumor was eradicated, the AdFITC (E2)-CAR T-cells remained 
mainly present in the blood and spleen. Figure 4b depicts flow 
cytometry plots and immuno-fluorescence staining of tumors. 
Together, these data suggest that the dose of the bispecific 
adaptor Octo-Fluo impacts the ability of the AdFITC(E2)- 
CAR T-cell to infiltrate and ultimately support a tumor 
response.

Discussion

In this study, we present a novel peptide bispecific adaptor 
targeting SSTR2, an antigen broadly expressed in neuroendo-
crine tumors. Moreover, we provide pre-clinical in vitro and 
in vivo evidence of the anti-tumor efficacy of a tunable adaptor 
CAR T cell platform against an SSTR2-positive pancreatic 
neuroendocrine tumor model. This technology may facilitate 
the translation of a safe and effective strategy in a category of 
patients associated with poor outcomes.

One of the major hurdles for cell-surface molecule targeting 
immunotherapies in oncology is tumor-cell specificity. 
Currently approved, efficient immunotherapies do not suffi-
ciently discriminate between healthy cell-of-origin tissue and 
malignant cells. Clinically approved CAR T cells that target 
highly B- and plasma-cell lineage-specific markers, such as 
CD19 and BCMA in B- and plasma cell malignancies, ablate 
healthy B- and plasma cells, leading to B-cell aplasia and 
hypogammaglobulinemia. A similar approach of tissue- 
specific antigen targeting in solid tumors would lead to organ 
ablation and would only be clinically acceptable if the respec-
tive organ is not vital.

SSTR family proteins have been employed as TAAs to image 
primary and metastatic NETs, small-cell lung cancers, and 
meningiomas using the radiolabeled peptide DOTA- 
TATE.22,23 Notably, [68Ga]Ga-DOTA-TATE demonstrated 
only affinity to SSTR2 and selective accumulation in metastatic 
lesions of NETs, providing a clean profile for diagnostic and 
therapeutic purposes.24,25 More recently, several reports have 
identified numerous antagonist somatostatin analogs that 
visualized SSTR2-positive tumors better than conventional 
agonists in both preclinical and clinical cases.26,27 We evaluated 
the binding and interaction of Octo-Fluo, a novel fluorescently 
labeled SSTR2 peptide antagonist, with the Bon1-SSTR2 
mCherry-Luc tumor cell line. Titration experiments and con-
focal microscopy revealed a high-affinity interaction with the 
decoration of the extracellular membrane of SSTR2-expressing 
tumor cells. Notably, our data showed that Octo-Fluo interacts 
with SSTR2-positive cells without inducing SSTR2 

internalization, which would not allow adaptor CAR T-cell 
activity.28,29 High affinity for the target in the absence of 
internalization, together with the high discrimination between 
SSTR2-expressing paraganglioma patient samples and healthy 
pancreas, indicates that Octo-Fluo binding properties are sui-
table for exploitation in a targeting approach aimed to favor 
high specificity and accessibility to the tumor site.

Increased accessibility of small molecules to the site of 
action compared to antibody-based strategies may leverage 
CAR T-cell immunotherapy employing adaptors. There have 
been numerous studies promoting multiple tag designs for 
adaptor CAR T-cell therapies30 , .31,32 In our study, we focused 
on using fluorescein as a CAR ligand, conjugated to an antigen- 
targeting small molecule bispecific adaptor. One of the reasons 
why we chose fluorescein is the current clinical application as 
a diagnostic dye in ophthalmology or endomicroscopy, where 
fluorescein is injected intravenously without reported overt 
safety concerns.33

Small molecule bispecific adaptors convey several advan-
tages for Adaptor CAR T-cell technology. Due to their small 
size, the risk of developing an antibody-based antigen response 
is lower, as their half-life is very short (~30 min), compared to 
long-lived antibodies34 , ,35,36 which would also ensure a tighter 
control over the AdFITC-CAR T-cell activity where cessation 
of administration would rapidly result in CAR T-cell detach-
ment from the target cells. In addition, the material cost of 
small molecule-based compared to antibody-based bispecific 
adaptors is substantially reduced, with a 10-fold difference 
when it comes to GMP-grade production for clinical 
investigations.37

We observed that the biocidal activity of AdFITC(E2)-CAR 
T-cells co-cultured in vitro with Bon1-SSTR2 mCherry-Luc 
cells was dependent on the dose of Octo-Fluo bispecific adap-
tor, indicating that our platform is highly tunable by different 
amounts of the small molecule bispecific adaptor. 
Furthermore, the strong cytolytic efficacy toward Bon1- 
SSTR2-Low expressing cells suggests that the system described 
in this study is highly antigen-sensitive. These findings align 
with in vitro and in vivo experiments on SSTR2-low- 
expressing H69 non-small cell lung cancer cells. Despite the 
lower expression, significant tumor growth delay was observed 
in mice treated with AdFITC(E2)-CAR T-cells and the Octo- 
Fluo adaptor. The reduced response, compared to Bon1- 
SSTR2, is likely in part due to a poorer AdFITC(E2)-CAR 
T-cell infiltration and expansion, leading to an unfavorable 
effector-to-target ratio within the tumor.

In line with this, not only the AdFITC(E2)-CAR T-cell 
biocidal activity was modulated but also the cytokine release 
was diminished when the Octo-Fluo molecule dose was at 
either end of the optimal dose window. These findings are in 
line with previous reports, showing that the adaptor CAR 
T-cell systems can be controlled by the presence and amount 
of bispecific adaptor.16,38–40

Being a small molecule conjugated with a single fluorescein, 
the Octo-Fluo is characterized by a monovalent engagement of 
the AdFITC(E2)-CAR molecule. This contact is similar to the 
engagement bispecific antibodies achieve as they engage the 
TCR complex in a monovalent interaction, preventing sys-
temic activation of effector cells in the absence of the target 
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cells.41 Our findings are aligned with what had previously been 
reported by Chang and colleagues when studying monomeric 
and dimeric interactions with CARs.42 Their study suggested 
that CAR T-cell activation relies on CAR dimerization and that 
monomeric interactions do not elicit an activation. We show 
that the exposure of the AdFITC(E2)-CAR T-cell to the Octo- 
Fluo adaptor without the presence of target antigen does not 
induce dimerization, hence we do not observe activation by 
CD69 and CD25 measurements. Moreover, we demonstrate 
that the AdFITC(E2)-CAR T-cell activation only takes place in 
the tumor, where SSTR2 is present, and these produce pro- 
inflammatory cytokines such as IFNγ that can be detected in 
the serum. Only when both elements are exposed to an SSTR2- 
expressing cell line, do the tumor cells act as solid support for 
multiple interactions, leading to dimerization and ultimately 
AdFITC(E2)-CAR T-cell activation and proliferation.

The in vivo experiments investigating the impact of the dose 
at a fixed injection schedule of Octo-Fluo highlighted the 
importance of both the activity and the biodistribution of the 
AdFITC(E2)-CAR T-cells. These findings support previously 
published studies by Lee et al., where they showed that increas-
ing five-fold the optimal dose led to tumor persistance.38 In our 
study, we demonstrate that 25-fold the optimal dose resulted in 
a hindered tumor response compared to the 0.5 nmol and 2.5  
nmol of adaptor molecule. When comparing the biodistribu-
tion of the mice that received AdFITC(E2)-CAR T-cells alone 
or in combination with 12.5 nmol of adaptor, we notice 
a significant increase in the blood and spleen of AdFITC(E2)- 
CAR T-cells, although the tumor response is comparable to the 
negative control groups that received PBS or AdFITC(E2)- 
CAR T-cells without the adaptor. This suggests a possible time-
frame where the dose allows antigen-mediated AdFITC(E2)- 
CAR T-cell expansion. However, not only did the dose quench 
the AdFITC(E2)-CAR and SSTR2 binding sites but it also 
restricted AdFITC(E2)-CAR T-cell tumor infiltration and sub-
sequent expansion.

While the use of bispecific adaptors may allow excellent 
anti-tumor activity combined to control CAR T cell-derived 
toxicities, a limitation of the proposed approach might be the 
need for tight tuning of the three elements, which may com-
plicate clinical development. Careful study design of the clin-
ical trial will be needed to find the optimal dose allowing 
productive recognition. A key aspect to take into consideration 
is the presence of SSTR2, which is not only found in cancerous 
lesions but is also present in healthy tissues such as the pan-
creas, brain, and gastrointestinal tissues.43,44 Numerous studies 
have confirmed the increased expression of SSTR2 in cancers 
like breast cancer and rectal NETs compared to healthy 
counterparts.45,46 Although the levels are lower in healthy 
tissues, this highlights the need for caution in future clinical 
applications and supports the development of systems that rely 
on adaptors to limit potential severe side effects on healthy 
tissues. This should also be even more complex when including 
multiple small molecule binders to target heterogeneous 
tumors. To ensure safety, the small molecules will likely be 
tested singularly in combination with AdFITC CAR T-cells 
and eventually evaluated together in a second step. In this 
study, we adopted a peptide-based bispecific adaptor with 
high affinity toward SSTR2 that was able to promote potent 

engagement of the effector cells toward the cancer target. To 
develop this technology further, de novo discovery of small 
molecules and incorporation of alternative bispecific adaptors 
such as peptide ligands, may allow a broader application to 
other cancer entities.

Materials and methods

Synthesis of Octo-Fluo

All reactions were carried out in the dark to preserve fluores-
cein spectrophotometric performance. Fluorescein isothiocya-
nate isomer 5 (5-FITC) and Compound 1 were dissolved 
DMSO, and triethylamine was added. The resulting solution 
was mixed for 1 h at 37°C, upon full conversion of compound 
1. Compound IE, consisting of the FITC conjugated to the 
linker without the antagonist, was used as an isotype control 
for the flow cytometry experiments. The excess of 5-FITC was 
quenched by the addition of 1-(2-Aminoethyl)piperidine and 
subsequently, a solution of compound 2 in DMSO was added 
to the reaction. The resulting mixture was stirred at 37°C for 
15 min. Upon full conversion of compound 2 to compound 3, 
the reaction was quenched with formic acid (to a pH ~ 3) and 
compound 3 (Octo-Fluo) was isolated by reverse-phase HPLC. 
For the detailed procedure see the supplementary information 
(synthesis steps described in detail in Supp. Figure S1-7).

AdFITC(E2)-CAR T-cell generation and storage

Healthy donors’ buffy coats were acquired from the Zürich 
blood donation service (Blutspende Zürich, Zürich, 
Switzerland). PBMCs were enriched by density gradient cen-
trifugation (Ficoll-Paque Plus, GE healthcare). T-cells were 
then negatively isolated with EasySepTM beads (Human T cell 
isolation kit, STEMCELL Technologies). Human T-cells were 
activated in T-cell medium supplemented with CD3/CD28 
Dynabeads (ThermoFisher) the day before transduction.47 

For the transduction, Polybrene (Santa Cruz Biotechnology, 
#134220) was added to a final concentration of 8 μg/mL, and 
10 μL virus supernatant was added to the cells and mixed. After 
centrifugation (1000 g, 90 min, 32°C) the cells were incubated 
overnight (37°C, 5% CO2). On the following day, the media 
was exchanged, and the T-cells were incubated overnight 
(37°C, 5% CO2). The beads were magnetically removed and 
resuspended in fresh T-cell medium and expanded at 1 × 106 

cells/mL. The AdFITC(E2)-CAR T-cells were expanded 
until day 10 when they were cryopreserved and stored at 
−180°C.

In vivo therapeutic studies

All procedures involving experimental animals were per-
formed according to protocols approved by the Cantonal 
Veterinary Office Zurich (006/2021 and 134/2022). On day 0, 
NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) were trans-
planted s.c. with 8 × 106 Bon1-SSTR2 mCherry-Luc cells. Once 
the tumor volume reached ±80 mm3, 107 AdFITC(E2)-CAR 
T-cells were injected i.v. followed immediately by an injection 
i.v. of Octo-Fluo at the indicated amount. The tumor burden 
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was evaluated weekly by BLI and daily caliper measurements. 
The Octo-Fluo i.v. injections were repeated every 12 hr until 
the termination of the experiment.

Immuno-fluorescence

Healthy pancreas and Paraganglioma patient samples were cut 
(3 μm) and mounted on SuperFrostTM slides (Thermo Fisher 
Scientific).48 The tissues were processed by the Department of 
Pathology, University Hospital Zurich. For the patient-derived 
paraganglioma Immuno-Fluorescence staining, slides were 
subjected to the Octo-Fluo molecule (150 nM) as the primary 
stain, followed by rabbit anti-FITC antibody (Catalogue num-
ber #4510–7804, BioRad), and donkey anti-rabbit Alexa 488 
(Catalogue number #A21206, Invitrogen). To visualize the 
nucleus, we added the mounting medium with DAPI 
(Abcam) before adding the microscope cover glass (Ref. 
ECN631–1574). Slides were stained with the Ventana 
Optiview platform (Ventana Medical Systems) according to 
the manufacturer`s protocols. The images were taken with an 
upright epifluorescence microscope (DM5500-B, Leica) at 20× 
magnification (HC PL FLUOTAR 5×/0.15 Leica objective). 
Leica LAS-X software was used for microscope control, image 
acquisition and analyses. All staining intensities were com-
pared to isotype controls.

At the terminal analysis of mice, the tumor tissues were cut 
in half. One-half of the tumor was processed by flow cytometry 
as described below, the other was embedded in OCT-medium. 
The OCT-blocks were then cut into 8 μm slices and mounted 
on SuperFrostTM Plus slides (Thermo Fisher Scientific). The 
slides were then permeabilized in an EasyDip slide staining 
system (Milian) containing ice-cold Acetone. To stain the 
tissues, we drew a hydrophobic square around the sample 
using Pap pen (Dako, Catalogue number #S2002). To visualize 
the CD3+ cells, the slides were stained with the anti-CD3d 
rabbit monoclonal antibody (Cat. Num. MA5–32462 
Invitrogen), followed by rabbit anti-FITC antibody 
(Catalogue number #4510–7804, BioRad), and donkey anti- 
rabbit Alexa 488 (Catalogue number #A21206, Invitrogen). 
To visualize the nucleus, we added the mounting medium 
with DAPI (Abcam) before adding the microscope cover 
glass (Ref. ECN631–1574). The images were taken with an 
upright epifluorescence microscope (DM5500-B, Leica) at 
20× magnification (HC PL FLUOTAR 5×/0.15 Leica objective). 
Leica LAS-X software was used for microscope control, image 
acquisition and analyses. All staining intensities were com-
pared to isotype controls.

Ex vivo terminal analysis and tissue processing

The homogenized tumor, spleen and blood were treated with 
Red Blood Cell Lysis Buffer (BioLegend). Once re-suspended 
in the FACS buffer, all tissue samples were filtered through 
a 70-μm cell strainer. To discriminate the live cells from the 
dead, we stained the cells with Zombie Aqua Viability Kit 
(BioLegend) for 30 min at 4°C. The tissue samples were sub-
sequently stained using anti-huCD45, anti-muCD45, and anti- 
huCD3 (Biolegend) for 30 min at 4°C. The samples were 
ultimately strained (30 μm nylon mesh) and analyzed via flow 

cytometry (BD LSRFortessa™ cell analyzer, BD biosciences). 
The flow cytometry data were analyzed using FlowJo software 
(Treestar).
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