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ABSTRACT 

Cancer immunotherapeutic approaches are known to modulate the expression of 

receptors and cytokines that stimulate infiltration of immune cells into tumors. 

Previously, we showed that local tumor irradiation enhances levels of tumor-

infiltrating T cells in TC-1 tumor-bearing mice. Immunization with the SFVeE6,7 

vaccine directed against the human papillomavirus (HPV) antigens E6 and E7 

further potentiated this effect. A noninvasive method to monitor the infiltration of 

activated T lymphocytes in tumors and in various non-target organs could be 

helpful in the translation of these and other therapeutic interventions from animals 

to patients.  

Here, we aimed to demonstrate the feasibility of positron emission tomography 

(PET) to monitor tissue infiltration of activated T lymphocytes, induced by 

radiotherapy alone, or in combination with immunization. For this purpose, we 

performed in vivo PET imaging and ex vivo biodistribution studies on TC-1 tumor 

bearing mice with the novel PET tracer [18F]FB-IL-2, which specifically binds to the 

IL-2 receptors overexpressed on activated T lymphocytes. Since intra-tumoral 

infiltration of T cells is a chemokine-dependent process, we have also included a 

group receiving the CXCR4 receptor antagonist AMD3100 following local tumor 

irradiation, to determine whether CXCR4-mediated chemotaxis is involved in the 

process of intra-tumoral T cell infiltration.  

In vivo PET imaging showed a 10-fold (p<0.001) and 30-fold (p<0.001) higher 

[18F]FB-IL-2 uptake in the tumor of mice receiving 14Gy local tumor irradiation 

alone or 14Gy local tumor irradiation followed by SFVeE6,7 immunization, 

respectively, when compared to the non-irradiated group. Administration of 

AMD3100 2.4-fold (p<0.001) reduced the [18F]FB-IL-2 uptake in the tumor of 

irradiated mice, indicating that the CXCR4 inhibitor decreased the irradiation-

induced intra-tumoral infiltration of activated T lymphocytes. PET imaging results 

were confirmed by ex vivo biodistribution data. Interestingly, combined irradiation 

and immunization but not tumor irradiation alone also significantly increased the 

[18F]FB-IL-2 uptake in several non-target tissues, including blood, bone marrow, 

thymus and spleen (p<0.001). This study demonstrates the feasibility of [18F]FB-IL-2 
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PET to monitor treatment-induced T cell infiltration in the tumor and non-target 

organs. This could be of interest, since whole body PET imaging might not only be 

used to monitor treatment response, select patients for innovative immune 

modulating drugs, but may also be able to predict immune-related side effects in 

non-targeted tissues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter-6 

 120 | Page 

INTRODUCTION 

The proven clinical immunogenicity of existing therapeutic vaccination strategies 

against cancer demonstrates that active immunization is a realistic approach to 

cancer therapy. So far, a broad range of therapeutic vaccination strategies have 

been tested in clinical trials [1]. However, as opposed to the excellent preclinical 

results, only modest clinical benefits have been obtained [2, 3]. The disappointing 

clinical efficacy of therapeutic cancer vaccines is likely caused by the 

immunosuppressive microenvironment of the tumor, capable of limiting the 

effective immune infiltration and attack of the tumor exerted by vaccine-induced 

immune effector cells [4, 5].  

Localized tumor irradiation is one of the conventional cancer therapies commonly 

used in the clinical setting, due to its direct cytotoxic effect. Occasionally, localized 

tumor irradiation induces regression of metastatic cancer at distant sites that have 

not been previously irradiated [6]. This phenomenon was called the abscopal effect 

and can be attributed to the induction and enhancement of innate and adaptive 

anti-tumor immune responses [6, 7]. Several mechanisms accounting for this 

abscopal effect have been identified, including trafficking of activated                                  

T lymphocytes to the tumor site [8-10], up-regulation of tumor antigens [11,12] 

that facilitate tumor recognition by infiltrated lymphocytes and induction of 

positive immune modulatory pathways [13,14]. 

Emerging evidence supports the notion of combining therapeutic cancer 

immunizations with conventional treatments, such as local tumor irradiation, to 

improve immunotherapy efficacy. Addition of local tumor irradiation to therapeutic 

cancer immunizations has been reported to enhance both remodeling of tumor 

vasculature [15], as well as intra-tumoral migration of vaccine-induced immune 

effector cells [16]. The increased intra-tumoral trafficking of vaccine-induced 

immune effector cells is presumably due to irradiation-induced up-regulation of 

chemokine expression levels within the tumor microenvironment and their 

corresponding receptors localized on the surface of immune cells [9, 16]. However, 

studies aimed to monitor the total body distribution of vaccine-induced immune 

effector cells in the presence or absence of local tumor irradiation are lacking.  



                                                                      Chapter-6 

         121 | Page 

Within the last decade, a large array of tools has been developed to measure the 

ability of therapeutic vaccination strategies to engage and activate the immune 

system in the fight against cancer. Some of the most commonly used tools include 

analyses of phenotypical (e.g. CD4, CD8, Foxp3), activation (e.g. CD25, CD69 CXCR3, 

CD137), polarization (e.g. GATA3, RoRyt, T-bet) or functional (GZMB, IFN-g, PRF1) 

biomarkers of vaccine-induced immune effector cells. However, these tissue-based 

clinical specimen analyses were repeatedly proven to be technically challenging 

because of issues such as low reproducibility, sampling errors and heterogeneity 

within a tumor lesion and between lesions within a patient or low concentration for 

specific measurements (e.g. ELISA or multi-color flow cytometry techniques) [17]. 

To counteract these shortcomings, new non-invasive techniques with the ability to 

simultaneously determine levels and activation status of vaccine-induced immune 

effector cells within different tissues throughout the body of the living organism 

are urgently needed and, therefore, under development. One such technique is 

positron emission tomography (PET), a non-invasive molecular imaging technique, 

which allows for repetitive and quantitative monitoring of biological parameters 

within the living body. PET uses a radioactively labeled tracer that specifically binds 

to the target of interest and can be detected outside the body with a dedicated 

camera.  

We recently developed and validated a new PET radio-pharmaceutical,                           

N-(4-[18F]-fluorobenzoyl) interleukin-2 ([18F]FB-IL-2), that binds specifically and 

selectively to the interleukin 2 receptors (IL-2R) that are present on activated T cells 

[18]. IL-2 is a small single-chain glycoprotein secreted in response to antigen 

binding to the T cell receptor and plays a crucial role in the process of T cell 

activation and proliferation [19]. Binding of IL-2 to its corresponding IL2R expressed 

on the surface of activated T cells further stimulates survival and cytotoxic activity 

of antigen-specific CD8+ T cells [20].  

Previous studies have underlined the interactions between various chemo-

attractants overexpressed on the surface of tumor cells and their corresponding 

receptors located on the surface of immune cells as responsible for intra-tumoral 

infiltration of these immune cells [10, 21]. One such interaction is given by the 
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CXCR4 / CXCL12 axis. The study of Obermajer N et al demonstrated that interaction 

between the CXCR4 receptor expressed on the surface of myeloid-derived 

suppressor cells (MDSCs) and its corresponding ligand CXCL12 produced within the 

ovarian cancer environment is responsible for the intra-tumoral migration of 

MDSCs [21]. Conversely, inhibition of CXCR4 receptors in MDSCs suppressed the 

responsiveness of these cells to CXCL12 [21]. On the other hand, CXCR4 is also 

expressed by a variety of human tumors [22, 23] and its levels correlate with the 

risk of metastases [24, 25]. Inhibition of CXCR4 expressed on tumor cells resulted in 

reduced metastatic potential in various animal tumor models [26, 27].  Additionally, 

CXCR4 is constitutively expressed on the surface of murine cytotoxic T cells [28] and 

specific peptide immunization of immunocompetent wild-type mice has been 

shown to cause a preferential up-regulation of CXCR4 on the surface of CD8+ T cells 

[29]. However, the effect of CXCR4 blockade on the constitutive or treatment-

induced intra-tumoral infiltration of activated T lymphocytes has not yet been 

investigated.   

Here, we investigate the use of [18F]FB-IL-2 as an effective PET probe for monitoring 

the total body distribution of activated T cells after treatment with localized tumor 

irradiation alone or in combination with therapeutic immunization. For this 

purpose, we used a previously developed therapeutic vaccine against human 

papillomavirus (HPV)-induced cancer based on recombinant alphavirus Semliki 

Forest virus (rSFV) particles that encode a fusion protein of E6 and E7 derived from 

HPV type 16 (SFVeE6,7). To study the effect of CXCR4 blockade on irradiation-

induced intra-tumoral infiltration of activated T lymphocytes we used the CXCR4 

antagonist AMD3100, a prototype non-peptide, small molecule inhibitor capable of 

selectively and specifically blocking CXCR4-mediated chemotaxis.  

We have previously demonstrated the synergistic therapeutic effect of combined 

SFVeE6,7 immunization and single low-dose localized tumor irradiation in a murine 

tumor mode [8]. In the present study, we aimed to non-invasively image the 

infiltration of activated T cells using [18F]FB-IL-2 PET after treatment of tumor-

bearing mice with single low-dose local tumor irradiation, alone or in combination 

with AMD3100 or SFVeE6,7 therapeutic immunization. 
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MATERIALS AND METHODS 

Cell lines 

Baby hamster kidney cells (BHK-21) were obtained from the American Type Culture 

Collection (# CCL-10). The TC-1 cell line was created by transfection of C57BL/6 

primary lung epithelial cells by transfection with a retroviral vector that expresses 

human papillomavirus 16 (HPV16) E6E7 fusion protein [30]. The cells were obtained 

in 1998 from Prof. dr. Cornelis Melief (Leiden University Medical Center, Leiden, 

The Netherlands). Cells were cultured as described before [31]. 

Animals 

Specified pathogen-free female C57BL/6 mice between the age of 8 and 10 weeks 

were purchased from Harlan CPB (Zeist, the Netherlands) and housed according to 

institute’s guidelines. Mice were maintained at 12h/12h day/night regime and fed 

standard laboratory chow. The Institutional Animal Care and Use Committee 

(IACUC) approved all experiments. 

Production, purification and titer determination of SFVeE6,7 particles 

SFVeE6,7 production, purification and titer determination was performed as 

previously described [32]. Shortly, SFVeE6,7 particles were produced by co-

electroporation of BHK-21 cells with an RNA encoding the SFV transgene (the E6E7 

fusion protein), replicase and a helper RNA encoding the structural proteins of SFV. 

Recombinant SFV particles produced by transfected BHK-21 cells were purified on a 

sucrose density gradient and titrated on BHK-21 cells using a polyclonal rabbit 

antireplicase (nsP3) antibody [gift from Dr. T. Ahola (Biocentre Viikki, Helsinki, 

Finland)]. 

Tumor inoculation, SFVeE6,7 immunizations and local tumor irradiation.  

Mice were inoculated subcutaneously in the neck with 2x104 TC-1 cells suspended 

in 0.2 mL Hank’s Balanced Salt Solution (Invitrogen, Paisley, UK). Two weeks later, 

TC-1 tumors were locally irradiated with a single 14Gy radiation dosage, using the 

X-RAD 320 Biological Irradiator (Precision X-Ray, North Branford, CT, USA) at a 

delivery rate of 1.64 Gy/min. Mice were anesthetized with isoflurane before 

irradiation and were placed in plastic constrainers to ensure immobilization for the 
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localized irradiation of the tumor. Control animals were sham-irradiated. The 

following day, a group of irradiated mice was intramuscularly immunized with a 

single dose of 5x106 SFVeE6,7 particles. Another group of irradiated mice received a 

vehicle PBS solution. The third group of irradiated mice received the CXCR4 

antagonist AMD3100.8HCl in a daily dosage of 3 mg/kg (i.p.) body weight until the 

end of the experiment (6 dyas).  

[18F]FB-IL-2 production 

IL-2 was labeled with fluorine-18 by conjugation of the protein with succinimidyl-4-

[18F]-fluorobenzoate ([18F]SFB) as described before [18], but with minor exceptions. 

[18F]SFB was produced with a fully automated Zymark robotic system. At the end of 

the synthesis, [18F]SFB was purified by solid phase extraction using an Oasis HLB 

cartridge (30 mg, 1 mL). After application of the crude reaction mixture on the 

cartridge, the cartridge was washed with 5 mL of water and eluted with 5 mL of 

ether. The ether fraction was collected in a vial and the solvent was evaporated at 

500C, using a flow of nitrogen, to obtain pure [18F]SFB. Next, human recombinant  

IL-2 (Proleukin; Novartis) was reconstituted at 2 mg/mL in nitrogen-purged water 

and stored in 100 μL aliquots at -800 C for further use. For the conjugation reaction, 

100 μL of IL-2 solution were incubated with [18F]SFB reconstituted in 100 μL of 

ethanol in the presence of 100 μL Tris buffer (pH=8.5). The reaction mixture was 

heated at 500C for 10 min. The resulting product was purified by size-exclusion 

chromatography using a PD-10 cartridge (GE Healthcare, The Netherlands), which 

was previously equilibrated with approximately 25 mL elution buffer (0.05% sodium 

dodecylsulfate, 0.5% human serum albumin in PBS). Fifteen fractions of ~0.5-0.8 mL 

each were collected and each fraction was analyzed by radio thin layer 

chromatography (radio-TLC). The fractions containing pure [18F]FB-IL-2 

(radiochemical purity >95%) were pooled and used for in-vivo imaging and ex vivo 

biodistribution studies. 

Quality control (QC) of [18F]FB-IL-2 was performed by ultra-high performance liquid 

chromatography (UPLC) and radioTLC. UPLC analysis of [18F]FB-IL-2 was performed 

with a Waters Acquity UPLC H-class, equipped with an Acquity UPLC BEH-shield 

RP18 column (1.7 µm, 3x50 mm) and a Berthold Flowstar LB513 radioactivity 
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detector. A gradient elution was performed using a mixture of 0.1% aqueous 

trifluoroacetic acid (solvent A) and 0.1% trifluoroacetic acid in ethanol (solvent B). 

The following gradient profile was used: 0-1 min 5 % B, 1-4 min 30 % B, 4-8 min           

50 % B, 8-13 min 70 % B and 13-15 min 5% B, at a flow rate of 0.8 mL/min. 

Retention times were 9.6 min for [18F]FB-IL-2, 5.0 min for [18F]SFB and 4.0 min for              

[18F]FBA (fluorobenzoic acid). RadioTLC was performed with Merck F-254 silica gel 

strips, which were eluted with ethyl acetate: n-hexane (4:1). Free [18F]SFB migrated 

with the solvent front (Rf=1), whereas [18F]FB-IL-2 remained at the origin (Rf=0). The 

detection was performed by exposing the strips to a phosphor storage imaging 

screen (multi-sensitive screens; Packard), which was subsequently read out using a 

cyclone phosphor storage imager (PerkinElmer). Images were analysed with 

OptiQuant software (PerkinElmer). Both quality control methods indicated that the 

radiochemical purity of [18F]FB-IL-2 was always above 96%. 

PET acquisition 

Mice were anesthetized with isoflurane (5% for induction; 2% for maintenance) in 

medical air throughout the procedure. The animals were placed in a trans-axial 

position in the PET camera (microPET Focus 220; Siemens Medical Solution USA) 

with the tumors in the center of the field of view. Mice were injected through the 

tail vein with 10±2 MBq of [18F]FB-IL-2 and a dynamic PET scan was immediately 

acquired for 30 min. After the emission scans, a transmission scan of 15 min with a 

Co-57 point source was obtained for the correction of attenuation and scatter by 

tissue. Two animals were scanned simultaneously in each scan session. 

Image reconstruction and analysis 

All emission scans were normalized and corrected for attenuation, scatter and 

radioactive decay. Emission sinograms were iteratively reconstructed in 3 frames of 

10 min, using ordered subset expectation maximization (OSEM) algorithm with        

4 iterations and 16 subsets. The regions of interest (ROIs) were manually drawn on 

the summed PET images (0-30 min) using a threshold of 75% of the maximum 

uptake in the tumor. The tracer uptake was calculated using standard software 
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(Inveon, Siemens, USA). ROI volumes corresponded well with the tumor mass 

determined in the biodistribution study. Tracer uptake was expressed as % ID/g. 

Ex vivo biodistribution 

After completion of the transmission scans, mice were sacrificed by cervical 

dislocation and several organs and tissues, including the tumor were excised. Blood 

was centrifuged (5 min at 13.000 rpm) to separate cells from plasma. All tissue 

samples were weighed and the amount of radioactivity within each tissue sample 

was determined by an automated γ-counter (LKB Wallace, Finland). A small fraction 

of plasma and urine samples were used to test percentage of intact tracer by 

tricholoracetic acid precipitation test (TCA).  [18F]FB-IL-2 tracer uptake in each 

organ was expressed as the percentage of the injected dose per gram of tissue       

(% ID/g).  

Statistical analysis 

All data are expressed as mean ± standard deviation. Statistical analyses by one-way 

ANOVA were performed using GraphPad Prism 5. Probability (p) values lower than 

0.05 were considered statistically significant. 

RESULTS 

PET imaging 

We first investigated the in vivo tumor infiltration of activated T lymphocytes 

following irradiation or combined treatment. Two weeks following tumor 

inoculation, tumors of TC-1 tumor-bearing mice were irradiated with a single 14 Gy 

irradiation dosage. The following day, one group of mice received the CXCR4 

antagonist AMD3100, in a daily dosage of 3mg/kg body weight until the end of 

experiments. Another group of mice received a single immunization dosage of 

5x106 SFVeE6,7 particles on the day 15 after tumor inoculation. One week later, 

mice were intravenously injected with [18F]FB-IL-2 for in-vivo visualization of 

activated, IL2R-expressing T lymphocytes. PET data acquired between 10 and 30 

min after tracer injection revealed accumulation of [18F]FB-IL-2 in TC-1 tumors of all 

animals (Fig-1A-E). [18F]FB-IL-2 tumor uptake was 10-fold higher in the group 

receiving a single 14 Gy irradiation dosage (3.3±0.7 %ID/g) when compared to the 
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sham-irradiated control group (0.3±0.1 %ID/g, p<0.01). Administration of AMD3100 

dampened the intra-tumoral accumulation of [18F]FB-IL-2 induced by irradiation, as 

[18F]FB-IL-2 tumor uptake was 2.5-fold decreased in the irradiated and AMD3100 

treated group (1.3±0.2 %ID/g, p<0.01) as compared to the group receiving 

irradiation alone. Upon combination of 14 Gy local tumor irradiation with SFVeE6,7 

immunization, intra-tumoral [18F]FB-IL-2 uptake increased 2.7-fold (9.2±1.8 %ID/g), 

as compared to the group treated with irradiation alone (p<0.001) and 

approximately  30–fold as compared to the non-irradiated control group (p<0.001, 

Fig-1F). Immunohistochemical staining of frozen tumor tissues with an anti-CD8 

antibody confirmed the highest levels of CD8+ T cells being present within tumors 

from mice treated with the combination of irradiation and immunization 

(Supplementary Figure-1). 

Ex vivo biodistribution 

Ex-vivo biodistribution was performed to confirm the results of PET imaging and to 

determine the effect of treatment on the total body distribution of activated T 

lymphocytes. The ex-vivo analysis of the excised tumors showed that [18F]FB-IL-2 

uptake was approximately 10-fold higher in irradiated tumors (4.9±1.7 %ID/g) as 

compared to the sham-irradiated controls (0.4±0.17 %ID/g, p<0.01). 

Treatment with local tumor irradiation followed by daily administration of 

AMD3100 decreased [18F]FB-IL-2 tumor uptake 2.2-fold (2.2±0.6 %ID/g) as 

compared to irradiation alone (p<0.05). Immunization with SFVeE6,7 further 

enhanced the irradiation-induced T cell infiltration, as mice receiving combined 

irradiation and immunization treatment presented a 2.7-fold or 30-fold increase in 

[18F]FB-IL-2 uptake in the tumor (13.6±5.0%ID/g ), as compared to the group 

receiving local tumor irradiation alone (p<0.005) or no treatment at all, respectively 

(p<0.0001, Fig-2A and Table-1).   

Collection and processing of organs from treated and non-treated tumor-bearing 

mice allowed us to monitor the ex vivo [18F]FB-IL-2 tracer biodistribution in 

different organs throughout the body. Local tumor irradiation, alone or combined 

with AMD3100, did not significantly enhance tracer uptake in any organ/tissues 

other than tumor (Fig 2B and Table-1). However, combined treatment with local 
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tumor irradiation and SFVeE6,7 immunization significantly enhanced tracer uptake 

in immune-related organs, such salivary gland (5-fold) and lymph nodes (6-fold)  

(Fig 2B and Table-1), as compared to non-treated controls or mice receiving 14 Gy 

local tumor irradiation alone (p<0.001). In addition, combined irradiation and 

immunization resulted in a significantly increased tracer uptake in, plasma, heart, 

lungs, liver and pancreas (p<0.001), as well as colon and ileum (p<0.05), when 

compared to irradiation alone. The analysis of tracer uptake in a non-targeted 

organ like the muscle revealed relatively low [18F]FB-IL-2 tracer levels in non-

treated animals (2.5±1.5 %ID/g). These levels did not significantly change in the 

groups receiving local tumor irradiation alone (2.2±1.9 %ID/g) or combined with 

AMD3100 (1.20±0.75 %ID/g). 

 

 

 

 

 

 

 

 

 

 

 

Figure-1: In vivo PET imaging and quantitative uptake of [18F]FB-IL-2 in TC-1 tumors. 
Representative cross-sectional images of TC-1 tumor bearing mice with the tumor in the field 
of view. Mice were subjected to different treatments: a) sham-irradiation (control), b) 14Gy 
local tumor irradiation, c) 14 Gy local tumor irradiation followed by administration of the 
CXCR4 antagonist AMD3100 or d) 14 Gy local tumor irradiation followed by immunization 
with 5x106 SFVeE6,7 particles. e) Representative a fused PET and computer tomography (CT) 
image of a cross-section of a TC-1 tumor bearing mouse treated with 14 Gy local tumor 
irradiation followed by immunization with SFVeE6,7 particles. f) Quantitative estimation of 
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the in vivo tracer uptake, expressed as percentage of the injected tracer dose per gram of 
tissue (% ID/g). Arrow indicates the position of the tumor, and all the data represents the 
mean ± SD. Statistically significant differences between groups are indicated by *P<0.05, 
**P< 0.01 and ***P<0.001.  

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure-2: Ex-vivo biodistribution of [18F]FB-IL-2. Ex-vivo biodistribution 50 min after injection 
of [18F]FB-IL-2 in TC-1 tumor bearing C57BL/6 mice, irradiated with a single 14 Gy irradiation 
or sham-irradiated. One group of irradiated mice was treated with AMD3100, whereas 
another group of irradiated mice was immunized with single dose of 5x106 SFVeE6,7 
particles. The ex-vivo quantitative estimation of the tracer uptake is expressed as percentage 
of the injected dose per gram of tissue (% ID/g). Tracer uptake in the tumor of mice 
subjected to different treatments and in different immunological organs. All the data 
represents the mean ± standard deviation and the statistical difference were indicated by 
*p<0.05, **p<0.01, and ***p<0.001 
 

 

However, there was approximately 2 fold enhanced tracer uptake in the group 

receiving irradiation and immunization (4.3±2.1%ID/g, Table-1). 

Following combined treatment the highest levels of radioactivity were observed in 

the kidney, as compared to all other organs (95±75 %ID/g). Plasma tracer analysis 

by the tricholoroacetic acid precipitation method suggests that more than 96% of 

the tracer was still intact at 30 min after tracer injection in all groups (Fig-3). 

Conversely, urine analysis showed that the tracer was completely metabolized in all 

groups with the percentage of intact tracer being lower than 3%. These results 

suggest that the kidney metabolizes the tracer and excretes the metabolites into 

the urine. These results are comparable with previously published data [18] and 

indicate that the tracer behaves similar to native IL-2 [30, 31]. 
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Figure-3: The tracer was found to be >96 % stable in plasma, whereas less than 3% intact 

tracer was found in urine, as analyzed by the TCA precipitation assay.  

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure-1: Combined local tumor irradiation and SFVeE6,7 immunization 
enhance intra-tumoral levels of CD8+ T cells. A) Representative figures of a TC-1 tumor tissue 
section isolated from a sham irradiated tumor-bearing mouse. B) Representative figures of a 
TC-1 tumor tissue section isolated from a tumor-bearing mouse treated with a single 14Gy 
local tumor irradiation dosage. C) Representative figures of a TC-1 tumor tissue section 
isolated from a tumor-bearing mouse treated with a single 14Gy local tumor irradiation 
dosage, followed by administration of AMD3100. D) Representative figures of a TC-1 tumor 
tissue section isolated from a tumor-bearing mouse treated with a single 14Gy local tumor 
irradiation dosage, followed by SFVeE6,7 immunization with 5x106 particles. Left column 
20x, right column 40x 
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Table 1:  Ex-vivo biodistribution of [18F]FB-IL-2 50 min after tracer injection in TC-1 tumor 

bearing C57BL/6 mice treated with sham-irradiation or 14 Gy local tumor irradiation alone or 

in combination with the CXCR4 antagonist AMD3100 or immunization with SFVeE6,7. 

[18F]FB-IL-2 tracer uptake was expressed as percentage of injected tracer dose per gram 

tissue (%ID/g). Data are presented as mean ± standard deviation. Significant differences 

between groups and mice that only received 14 Gy irradiation are illustrated by *p<0.05, 

**p<0.01, and ***p<0.001. 

 

 

 

 

 

 

 

Organs 
 

  Sham 
  (n=5) 

14 Gy 

(n=6) 
14Gy+AMD3100 

(n=5) 
14Gy+SFVeE6,7 

(n=6) 

Total blood  7.28 ± 2.52 6.23 ± 2.40** 20.18 ± 3.15 27.29 ± 5.91*** 

Plasma 6.77 ± 1.87 14.52 ± 8.03* 34.40 ± 4.36 45.10 ± 9.38*** 

Heart 2.38 ± 1.24 4.58 ± 3.04* 6.52 ± 1.70 18.55 ± 5.42*** 

Lungs 4.15 ± 2.69 5.60 ± 2.68** 4.59 ± 2.63 27.76 ± 6.10*** 

Thymus 3.51 ± 1.77 4.68 ± 2.53** 5.23 ± 1.16 13.81 ± 5.91*** 

Kidneys 21.96 ± 7.24 22.08 ± 10.91 11.40 ± 3.09 31.89 ± 10.74 

Liver 8.42 ± 4.22 8.30 ± 3.05 9.80 ± 2.65 55.30 ± 16.51*** 

Pancreas 2.56 ± 1.08 2.91 ± 0.92** 1.85 ± 0.13 7.58 ± 2.19*** 

Spleen 3.22 ± 1.26 4.05 ± 1.23*** 6.99 ± 1.96 18.89 ± 6.12*** 

Colon 1.65 ± 1.22 2.19 ± 1.56* 2.29 ± 0.52 8.60 ± 2.53* 

Ileum 2.55 ± 1.34 4.45 ± 1.89* 3.23 ± 1.36 9.59 ± 2.80* 

Muscle 2.54 ± 1.50 2.22 ± 1.94 1.20 ± 0.86 4.31 ± 2.13 

Bone marrow 1.61 ± 0.78 3.17 ± 2.76*** 2.01 ± 0.56 11.83 ± 6.32* 

Brain 0.30 ± 0.05 0.42 ± 0.26 0.45 ± 0.13 1.22 ± 0.88 

Salivary glands 1.26 ± 0.28 2.51 ± 1.21*** 1.66 ± 0.44 11.81 ± 4.61*** 

Lymph nodes 4.76 ± 2.31 2.78 ± 2.48*** 4.48 ± 1.64 16.41 ± 5.60*** 

Tumors 0.47 ± 0.17 4.93 ± 1.76** 2.21 ± 0.66 13.62 ± 5.0*** 
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DISCUSSION 

In this study, we aimed to demonstrate the feasibility of PET imaging to monitor 

the effect of low-dose local tumor irradiation, alone or in combination with the 

CXCR4 antagonist AMD3100 or SFVeE6,7 immunization, on tumor infiltration and 

biodistribution of activated T lymphocytes throughout the body.  

A common method to assess functionality and quantifying levels of immune cells 

within tumors consists of tissue-based analyses of biopsies taken from cancer 

patients. The intrinsic tumor heterogeneity and the fact that a biopsy only enables 

assessment of an individual site imply that several biopsies would be necessary for 

a more accurate portrayal of the intra-tumoral immune environment. These tissue-

based analyses are also technically challenging, due to the lack of sufficient tissue 

material, low reproducibility of results or a too low sample concentration for 

specific measurements.  

In recent years, the awareness that characteristics of the primary tumor are not 

always predictive of the status of individual metastases has aroused. In fact, 

heterogeneity between individual lesions in a single patient appears to be quite 

common. Non-invasive, whole body imaging techniques could provide functional 

information about tumor heterogeneity and could overcome the hurdles presented 

by biopsy. 

PET is a non-invasive imaging technique capable of revealing physiological activities 

within a certain tissue or organ by making use of radiolabeled probes. Recently, a 

study by van Kruchten et al underlined the advantages of using whole-body PET 

imaging for tumor characterization in patients with breast cancer [35]. In this study, 

approximately 45% of patients with metastatic breast cancer present 

heterogeneous expression of estrogen receptor across tumor lesions [35]. Whole-

body PET imaging enabled quantification of tumor protein expression in all 

metastases, irrespective of their expression levels. Similarly, development of a 

novel, specific PET tracer for in vivo quantification of lymphocyte infiltration in the 

tumor induced by cancer immunotherapeutic approaches might be highly helpful 

to obtain the overall picture of treatment-induced immune activation throughout 

the body.     
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We have previously shown that [18F]FB-IL-2 binds to the IL-2 receptors, which are 

overexpressed on the surface of activated T lymphocytes [18]. Notably, IL-2 only 

binds with high affinity to the IL-2 receptor if all three subunits of this receptor, 

CD25, CD122 and CD132 are present. A potential caveat of [18F]FB-IL-2 is that the 

IL-2 receptor is not only expressed on the surface of cytotoxic T cells, but also by 

regulatory T cells (Tregs). Therefore, the PET tracer may not be able to discriminate 

between both types of T cells. However, the tumor model used in this study 

constitutively expresses low Treg levels [36]. Besides, levels of Tregs are not 

enhanced by local tumor irradiation alone, or in combination with SFVeE6,7 

immunization (unpublished data). The specific activity of the tracer in this study 

was found to be 20±4 GBq/mg.  

Recently, we demonstrated that low-dose local tumor irradiation induces enhanced 

the number of CD8+ tumor-infiltrating lymphocytes (TILs) in a murine tumor model 

[8]. Moreover, intra-tumoral infiltration of these TILs was further potentiated by 

addition of therapeutic SFVeE6,7 immunization and low-dose local tumor 

irradiation [8]. In the group receiving irradiation alone intra-tumoral levels of CD8+ 

T cells were enhanced 2-fold, whereas in the group receiving combined irradiation 

and SFVeE6,7 immunization levels of CD8+ T cells were 10-fold enhanced, as 

compared to the non-irradiated control. In the present study, we demonstrated 

that tumor infiltration with activated T lymphocytes induced by local tumor 

irradiation and therapeutic SFVeE6,7 immunization can be quantified in vivo in a 

non-invasive manner. We used the radiolabelled probe [18F]FB-IL-2 for PET imaging 

of treatment-induced activation of T lymphocytes [18]. PET imaging showed an 

approximately 10-fold increase in tracer uptake in the group receiving 14 Gy local 

tumor irradiation alone and a 30 fold increase in the group treated with 14 Gy local 

tumor irradiation followed by SFVeE6,7 immunization, when compared to the non-

irradiated control group. The difference between the relative increase in TIL 

infiltration observed in our previous study and the relative increase in tumor 

accumulation of radioactively labeled IL-2, in the study performed here, might be 

(partly) accounted for by the different levels of IL-2 receptor expressed on 

activated T cells, depending on the activation status of the T cells. Another reason 
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might be that natural killer T cells and helper CD4+T cells also express CD25, one of 

the three subunits of the IL-2 receptor [37]. Taken together, the data of this study 

further support our previous findings [8] that combined treatment with local tumor 

irradiation and SFVeE6,7 immunization significantly increases the infiltration of 

activated T lymphocytes to the tumor site. In the group receiving irradiation 

followed by AMD3100 administration, [18F]FB-IL-2 tumor uptake was 4-fold higher 

as compared to the non-treated control and, more importantly, approximately 2.5-

fold lower than the group receiving irradiation alone. These data suggest that 

radiation-induced tumor infiltration of activated T cells is at least partly regulated 

by CXCR4-mediated chemotaxis.  

The PET results were confirmed by immunohistochemistry staining of frozen tumor 

tissue and ex vivo tracer biodistribution analysis of excised tumors. At first glance, 

PET imaging appears to show lower tumor uptake of [18F]FB-IL-2 than ex vivo 

biodistribution. This apparent discrepancy, however, can easily be explained by 

differences in the interval between tracer injection and analysis: PET images were 

acquired between 10 and 30 min after tracer injection, whereas animals were 

euthanized for ex vivo biodistribution after 50 min post injection. The increased 

tracer uptake observed in the ex vivo biodistribution can thus be ascribed to 

binding of the PET tracer to the IL-2 receptor still increasing between the end of the 

PET scan and the termination of the animal. Alternatively, the PET data could give 

an underestimation of the absolute amount of radioactivity, due to partial volume 

effects. The average diameter of the tumor in this study was 500mm3, which is in 

the same order of magnitude as the spatial resolution of the PET camera 

(approximately 1.5 mm in the center of the field of view). Yet, the novel non-

invasive PET method we used in this study should allow simultaneous detection of 

activated T lymphocyte levels in various organs.  

In the last decade, the focus of developing efficient cancer therapies shifted from 

direct targeting of tumor cells to immunotherapeutic approaches that aim to 

modulate the patient’s immune system. One of the cancer immunotherapies that 

gained a lot of momentum in recent years consists of specific monoclonal 

antibodies that act as immune checkpoint inhibitors [38,39]. Monoclonal antibodies 
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directed against cytotoxic T-lymphocyte antigen 4 (CTLA-4), programmed cell death 

protein 1 (PD1) and its corresponding ligand programmed-death ligand 1 (PDL1) 

have successfully been used in clinical trials for treatment of patients with various 

advanced cancers, such as metastatic melanoma [40] or lung, prostate and renal 

carcinomas [41, 42]. Additionally, combination of these monoclonal antibodies with 

standard therapies such as local tumor irradiation further enhanced overall survival 

of cancer patients, supposedly due to increased intra-tumoral migration of 

activated T lymphocytes [43, 44]. Development of a radiopharmaceutical with high 

lymphocyte specificity would be highly useful to determine in a non-invasive 

manner the extent to which clinically employed anti-tumoral immunotherapies, 

such as monoclonal antibody administration or local tumor irradiation, enhance 

levels of TILs. [18F]FB-IL-2 PET could be an efficient method to safely monitor tissue 

infiltration of activated T lymphocytes for treatment monitoring and selection of 

patients eligible for treatment.     

CONCLUSION 

PET imaging of in-vivo tumor infiltration of activated T lymphocytes with the help of 

[18F]FB-IL-2 as the radiopharmaceutical is a non-invasive technique able to monitor 

activated T lymphocytes throughout the body. This proof-of-concept study puts 

forward the usefulness of [18F]FB-IL-2 PET as an early biomarker to assess patient 

response to various cancer immunotherapies. 
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