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ABSTRACT OF THE DISSERTATION 

 

Non-invasive monitoring of hematopoietic reconstitution and 

immune cell function through Positron Emission Tomography 

 

By 

 

Melissa Nicole McCracken 

Doctor of Philosophy in 

Molecular and Medical Pharmacology 

University of California, Los Angeles, 2014 

Professor Owen N. Witte, Chair 

 

Multiple diseases including blood disorders, autoimmunity, infections, and cancer result 

from defects in proper hematopoiesis or immune cell function. Hematopoietic stem cell (HSC) 

transplants or genetic modification of these cells can be used as a therapy to correct the observed 

deficiencies. Engineering antigen specific T cell receptors (TCR) in T cells, or in HSCs, has 

provided new targeted therapies against cancer by arming the host’s immune system to 

specifically recognize the cancer of interest. The standard method to monitor immune cells is 

peripheral blood samples that cannot provide whole-body measurements of cell locations. 

Positron emission tomography (PET) allows non-invasive and repetitive in vivo visualization of 

positron-emitting probes. Here we use two PET imaging techniques to monitor the immune 

system. PET reporter genes are applied to detect only the specific, engineered immune cell 
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populations, and immunoPET is used for the detection of total endogenous CD8 cells by 

radiolabeling an antibody fragment.  

We demonstrated that HSC transplants expressing PET reporter genes could be tracked 

for total cell engraftment, location, expansion, and elimination. The dual PET reporter/suicide 

gene sr39TK was expressed in a humanized mouse model of HSC transplant. Cells were detected 

through PET reporter imaging and then selectively eliminated through sr39TK suicide gene 

function validating its use for cell tracking and, if needed, ablation.  

We then developed a new PET reporter with human deoxycytidine kinase containing 

three point mutations within the active site (hdCK3mut) in combination with the PET probe 

[
18

F]-L-FMAU (1-(2-deoxy-2-
18

fluoro-β-L-arabinofuranosyl)-5-methyluracil). Comparison of 

hdCK3mut and sr39TK established that hdCK3mut was approximately two fold more sensitive 

for in vivo detection. hdCK3mut was capable of tracking HSC engraftment, expansion, and the 

intratumor trafficking of engineered T cells. Expression of hdCK3mut was inert with no effect 

on cell longevity or function.  

 For detection of endogenous CD8 cells, a minibody (2.43 Mb) was engineered and 

radiolabeled with 
64

Cu. 2.43 Mb retained the ability to detect CD8 cells within the spleen and 

lymph nodes but did not cause antibody dependent cell depletion. 

 PET is a powerful imaging modality that can be adapted to track lymphoid cells in vivo. 

Our work demonstrates three applications of how PET imaging can be applied for whole-body, 

selective detection of hematopoietic cells.   
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CHAPTER 1: 

 

PET imaging in immunology research. 
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PET Imaging in Immunology: 

1. Introduction to PET imaging in immunology  

The immune system is dynamic and continually adapts to maintain the health of the 

whole-body. Innate immune cells survey tissues for abnormalities and are able to detect and 

infiltrate infected and/or abnormal tissues. Signals from the initial infiltrating antigen-presenting 

immune cells lead to activation of the adaptive immune system including: 1. recruitment of 

adaptive immune cells, 2. activation and rapid expansion of antigen specific adaptive immune 

cells, 3. differentiation into antigen specific effector cells and 4. homing to the abnormal tissue if 

activated in lymphatic organs such as the spleen or lymph nodes [1]. Once the infected tissue is 

cleared, there is a rapid decline in effector cells and a small number of adaptive immune cells 

will remain as memory T or B cells that quickly expand upon repeat exposure to the antigen. 

Defects in proper immune responses can cause complications that include autoimmunity, 

persistent infection, or malignancies [2]. Monitoring the response of the immune system can 

provide insight into proper diagnosis and therapeutic management of these diseases.   

Methods used to monitor the immune system can be limited and biased. Most frequently 

a peripheral blood sample is taken to monitor changes in cell abundance, phenotype, or cytokine 

levels. On occasion, a tissue biopsy can be obtained for additional analysis of immune cell 

infiltrates outside of the periphery. Biopsies are invasive, difficult to collect, and suffer from the 

bias of site specificity. Together these methods provide information on the state of the immune 

system at a single static time point but are subjective towards the sampled sites and limited in 

evaluating the state of the immune system across the whole body. This poses a clinical challenge 

for current immune based therapies. For example, in order to determine the success of a 
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hematopoietic stem cell transplant requires mature cells to be detected within the periphery, 

which can take up to 8 weeks. A non-invasive method to detect engraftment and expansion 

within the marrow and thymus at an earlier time point could reduce transplant complications by 

earlier detection of marrow failure. Alternatively, cancer immunotherapies that rely on the 

expansion and infiltration of anti-tumor cells have limited methods to track cells in vivo. 

Clinicians are unable to detect the location of on-target/off-tumor cellular cytotoxicity of the 

infused therapeutic cell product prior to complications, and cannot determine the quantity of 

successful tumor infiltrating cells without biopsy [3]. Non-invasive, whole-body techniques to 

monitor immune cell function can complement and improve the current clinical and pre-clinical 

methods. 

Clinical imaging technologies such as X-ray, computed tomography (CT), magnetic 

resonance imaging (MRI), and positron emission tomography (PET) are used as routine 

diagnostic tools for a wide range of diseases but have had limited immunological applications. 

Small animal pre-clinical studies have utilized strategies restricted to small animals such as 2 

photon microscopy, fluorescent, and bioluminescent imaging (BLI) or have adapted clinical 

modalities such as single-photon emission computed tomography (SPECT), PET, CT and MRI 

as methods for measuring changes in the immune system [4]. Each technology is relevant and in 

certain instances will be the most appropriate to use, but we have chosen to focus on PET 

imaging in pre-clinical studies of immunology due to the diversity of applications. One 

advantage of PET is that technologies developed pre-clinically can be applied directly to clinical 

problems, allowing for imaging agents to go from bench-top to bedside.   
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The use of PET imaging in immunology 

PET allows non-invasive, quantitative, and repetitive in vivo visualization of the 

biodistribution of positron-emitting probes specific for a wide variety of biological processes [5-

6]. Released positrons from the probe annihilate with an electron in nearby tissue and emit two 

anti-parallel 511 keV high energy gamma photons. PET detectors measure the co-detection of 

both events and determine the location, creating a 3-dimensional image [6](Figure 1A). Pre-

clinical microPET has a resolution of 1-2mm which is sufficient to detect lymph nodes more 

accurately than both BLI and SPECT. For immunology studies evaluating alterations in lymph 

nodes, a co-registered PET/CT scan can be most accurate in determining size, location, and 

probe accumulation while other imaging modalities are limited due to tissue penetrance and 

sensitivity. Tissue, including bone, does not scatter the high energy photons causing no 

attenuation problems allowing direct scaling from pre-clinical to clinical studies.  

PET scans measure different biological processes based on the probe’s design [7]. 

Positron emitting probes include short-lived isotopes (Half lifes: 18F-110 min, 11C-20 min, 68Ga-

68 min) that are commonly engineered into metabolites, or PET reporter probes. A fluorinated 

glucose analog, 2-deoxy-2-(18F)fluoro-D-glucose ([18F]-FDG), measures glucose consumption 

and is the most commonly used PET probe[8]. In the clinic, [18F]-FDG is widely used for cancer 

diagnosis, staging, and response to therapy. Recently, investigators have begun to test whether 

[18F]-FDG can be used to monitor immune cell function in cases of autoimmunity and blood 

malignancies [8]. Long-lived positron emitting nuclides (half-lifes: 124I- 4.1 days, 131I- 8 days, 

64Cu- 12.7 hours, 89Zr- 3.3 days) are more commonly used in antibody or peptide labeling. 
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Imaging via direct labeling of an antibody can be used for biomarker diagnostics and potentially 

theranostics [9-10].  

Pre-clinical studies using microPET for in vivo visualization of immune responses in 

animal models is expanding. Sections will be divided into the four major sub-classes of PET 

imaging: 1. metabolic- radiolabeling a metabolite to study the utilization of a biochemical 

compound, 2. labeling- ex vivo labeling of cells with a radioisotope prior to infusion, 3. direct 

targeting- engineering radiolabeled peptides or antibodies to detect a protein of interest, 4. 

reporter imaging- engineering cells to express a unique protein that can be specifically detected 

through a cognate probe (Figure 1B).   

 

2. Metabolic probes for monitoring changes in the immune system.  

The most broadly used PET sub-class is metabolic imaging. Metabolite mimetics are 

designed and radiolabeled to monitor a specific biochemical process in vivo. These probes can 

mimic sugars, nucleosides, amino acids, hormones or neurotransmitters [6]. The distribution of 

the probe demonstrates where an increased consumption of the metabolite is in comparison to 

other tissues within the body. Identifying changes in the metabolism of hematopoietic cells in 

response to an infection, cancer, or autoimmunity can identify key metabolites needed for proper 

immunity.  

During an immune response, innate immunity is the first line of defense followed by an 

adaptive immune response [11]. Each immune cell lineage has different functional abilities that 

require certain biochemical substrates. During an immune response, cells will adapt their 

accumulation and metabolism of certain substrates depending on their activation state or 
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location. Macrophages and granulocytes will increase the expression of glucose transporters and 

glycolytic enzymes to generate the energy required for phagocytosis and cytokine secretion when 

located within inflamed tissue [12]. PET measurements of differentially regulated metabolic 

pathways may enable more thorough evaluation of immune cell function in vivo. 

 

Probe design and isotope utilization: During the administration of the radiolabeled probe the 

biodistribution mimics how the body naturally accumulates the metabolite of interest. 

Metabolites are radiolabeled at a high specific activity and administered at concentrations of pico 

to femtomole per gram of tissue [5-6]. This low concentration allows most probes to function 

with no biological or pharmacological effect due to the low concentration of the metabolite [5, 

7].The probe is then excreted with the majority of probes cleared from circulation through renal 

filtration and hepatic clearance in some instances. The total radiation exposure from the probe is 

usually highest in the bladder and is the limiting organ for determining the dose based on 

radiation limits and not on concentrations of the substrate [8].    

The distribution, accumulation, and clearance of most metabolites are short in comparison to 

peptides or antibodies. For synthesis and radiochemistry, choosing an isotope with a short half-

life is best suited for these studies allowing fast detection and decay of the probe in vivo [5]. 

Most PET probes incorporate 18F because of its relatively short half-life (110 minutes), which is 

permissive for radiochemical synthesis, transport, application and imaging, yet undergoes decay 

rapidly enough to render it harmless within half a day [13]. 18F chemistry typically replaces a 

hydrogen or hydroxyl group with a 18F isotope and allows for a metabolite mimetic. In cases 

where 18F cannot be used, other radiolabeled metabolites such as 11C and rarely 15O and 13N can 
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be used [5, 13]. 11C has a 20 minute half-life. In order to complete a synthesis and purification 

with enough activity for imaging, the starting 11C activity will be much higher than 18F due to the 

rapid decay. 

To date, thousands of unique PET probes have been made (The Radiosynthesis Database of 

PET Probes (RaDaP)). We will cover key studies that have applied metabolic probes to address 

issues in immunology. 

 

Glucose consumption by 2-deoxy-2-(18F)fluoro-D-glucose ([18F]-FDG): [18F]-FDG is the most 

commonly used PET probe for pre-clinical and clinical studies [8]. It mimics glucose and can be 

used as an indication of the glycolytic rate of cells (Figure 2A). Most cancer cells will switch 

their metabolism towards a highly glycolytic state and the total glucose consumption is 

increased. [18F]-FDG imaging has exploited this phenotype of cancer by using the accumulation 

of [18F]-FDG as a method of diagnosis, staging, and response to therapy [8]. Normal tissues with 

a natural high glucose consumption will also accumulate [18F]-FDG including the heart and 

brain.  Most hematopoietic tissues have weak glucose accumulation at a basal resting state and 

because of this [18F]-FDG has only been applied to studies with an activated or abnormal 

immune system [4].  

 

Cancer: Lymphoma and leukemia have higher glucose consumption in comparison to non-

malignant hematopoietic cells. [18F]-FDG accumulation is used as a method for staging and 

identifying cancerous cells in clinical diagnosis [8]. In one study, B cell leukemia cell lines were 
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engineered to express C/EBPα, causing cells to transdifferentiate towards a non-malignant 

macrophage phenotype. Total tumor burden after transplantation of parental or 

transdifferentiated cells was assessed by [18F]-FDG imaging. In animals receiving C/EBPα 

expressing cells, a decreased tumor burden and reduction in [18F]-FDG imaging was observed 

[14]. This study identified that glucose consumption is correlated with malignancy and that as 

cells transdifferentiate their metabolic requirements change. Future studies that aim to target 

cells to transdifferentiate in vivo can apply [18F]-FDG imaging for tracking total disease. 

The relative accumulation of [18F]-FDG can also vary depending on the metabolic state of 

leukemic cells. The activation of the phosphatidylinositol 3-kinase (PI3K) pathway is known to 

increase glucose consumption and is partially regulated by PTEN. In an experimental mouse 

model, silencing of PTEN by shRNA led to the development of a T cell acute lymphoblastic 

leukemia (T-ALL). The shRNA construct was a “Tet-off” system and addition of doxycycline 

reactivated PTEN testing whether loss of PTEN is needed for disease maintenance. PTEN 

activation in T-ALL caused a decrease in the PI3K pathway and as a result the reduced the [18F]-

FDG accumulation in specific organs in vivo [15] (Figure 2B). Although PTEN was activated 

systemically in a clonal leukemia, the change in accumulation of [18F]-FDG was heterogeneous 

suggesting that the regulation of the PI3K pathway can be affected by different factors within the 

tissue microenvironment.  

   

Autoimmunity: Experimental models of autoimmunity including multiple sclerosis 

(experimental autoimmune encephalitis, EAE) [16] and rheumatoid arthritis [17-18] have been 

monitored through [18F]-FDG imaging.  
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The EAE model demonstrated that [18F]-FDG accumulation is not a strong indicator of 

immune infiltrates prior to disease onset, but as mild clinical symptoms are detectable an 

increase in glycolysis is seen [16] (Figure 2C). The rates of glycolysis by [18F]-FDG signal in the 

spinal column were not correlated with the severity of the disease, however when immune cell 

numbers decreased due to treatment with an immunosuppressive drug, a decrease in [18F]-FDG 

signal was observed. The limitation with [18F]-FDG was that disease could not be identified prior 

to clinical manifestation. For autoimmune diseases, [18F]-FDG may not be appropriate for 

staging of disease but could be useful in monitoring treatment and reduction of immune cells.   

 

Inflammation: Inflammation in diseases such as atherosclerosis [19], liver damage [20] or 

colitis [21] have been measured with [18F]-FDG scans. Mice treated with concanavalin A had a 

significant increase in [18F]-FDG accumulation within the spleen and liver while severe 

combined immunodeficient (SCID) mice had no change between treatment and control [20]. The 

enhanced [18F]-FDG accumulation was due to the activation of T cells in the spleen and the 

infiltration of activated immune cells within the liver. SCID mice lack lymphocytes and [18F]-

FDG accumulation was unchanged after concanavalin A treatment. Short-term experimental 

models like this can help identify when [18F]-FDG can be useful in monitoring multiple sites of 

inflammation.     

 

Cell proliferation by 3′deoxy-3′-[18F]fluorothymidine ([18F]-FLT) accumulation: [18F]-FLT 

is a substrate for thymidine kinase 1 (TK1) which is active in cells during S phase and can be 

used as a marker for cell proliferation [22-23]. Experimental models have looked at [18F]-FLT 
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accumulation in normal tissue and in cancers such as lymphoma. Accumulation of [18F]-FLT is 

seen within the spleen and bone marrow in healthy animals identifying sites of high cellular 

proliferation [23]. In lymphoma, the accumulation of [18F]-FLT is increased due to a significant 

increase in the percentage of replicating cells and in their division rate [23]. Accumulation of 

[18F]-FLT can also vary depending on serum and tumor levels of thymidine [24-25]. Mouse and 

rats have high serum thymidine levels and can dilute the accumulation of [18F]-FLT. Human 

serum has thymidine at concentrations 100 times lower than mice [26]. The average [18F]-FLT 

dose in humans is still administered with endogenous thymidine in greater than 150 fold excess 

potentially explaining the lack of signal in some hyperproliferative cells [25].  Deciphering 

tumor from immune cell infiltrates may be difficult with [18F]-FLT imaging, but in inflammation 

or infection models, the proliferation of immune cell infiltrates may be detected.  

 

Nucleoside salvage pathway measured by fluorinated nucleoside analogs: [18F]-FLT is used 

as a marker of general cell proliferation and cannot be used to distinguish between the 

proliferation of immune versus non-immune cells. Recently, Radu and collegues have developed 

nucleoside analog PET probes that target deoxycytidine kinase (dCK) [27]. dCK is the rate 

limiting enzyme in the nucleoside salvage pathway and is known to have high expression in 

lymphocytes. By targeting a metabolic pathway increased in T cells, the detection of active 

immune responses can be identified more accurately than with [18F]-FDG or [18F]-FLT alone.  

 

[18F]-FAC (1-(2'-deoxy-2'-[18F]fluoroarabinofuranosyl) cytosine): dCK is the rate limiting 

enzyme in the accumulation and phosphorylation of the DNA terminating drug Gemcitabine 
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(dFdC). Accumulation of dFdC was highest in activated T cells, but due to the two fluorine 

atoms was not amenable for 18F radiochemistry [27]. [18F]-FAC is a similar compound to dFdC 

differing only by a hydrogen atom replacing the second fluorine (Figure 3A). 

[18F]-FAC had strong retention in the spleen, thymus, and bone marrow of wild type mice 

[27]. A reduction in [18F]-FAC signal was observed when animals were treated with the systemic 

immunosuppressive drug dexamethasone, which is toxic to lymphocytes [27]. In a genetic 

knockout of dCK a complete loss of [18F]-FAC signal in all lymphoid organs was seen, with a 

dramatic reduction in the total number of mature T and B cells [28-29] (Figure 3B). Together 

these studies demonstrate the specificity of [18F]-FAC for lymphoid tissues and the requirement 

of dCK for normal lymphopoiesis.  

In models of immune cell expansion such as a viral induced tumor or autoimmunity, an 

increased [18F]-FAC accumulation was seen in the thymus, lymph nodes and spleen [24, 27] 

(Figure 3C). Analysis of isolated immune cells identified that activated effector CD8 T cells 

from the draining lymph node had the highest accumulation of [18F]-FAC with other lymphoid 

cells accumulating [18F]-FAC at lower rates. The authors found that the accumulation of [18F]-

FAC was correlated with proliferation, and activated CD8 cells have the highest percentage of 

cells in S-G2-M phases (Figure 3D). Tumor infiltrated T cells have lower accumulation which 

may be due to a reduction in the proliferation/cell cycling rates [24]. [18F]-FAC is more selective 

for lymphocytes than other metabolic probes but has limited capacity in detecting tumor 

infiltrating T cells, identifying the need to develop additional T cell specific probes.  
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2′-deoxy-2′-[18F]fluoro-9-β-D-arabinofuranosylguanine ([18F]F-AraG): In a preliminary 

study, a radiolabeled AraG was synthesized and incubated with primary, activated or 

lymphoblastic T cells [30]. Accumulation of [18F]F-AraG was increased in activated T cells and 

in the leukemic cell line. Although animal studies using [18F]F-AraG  are limited, the promising 

preliminary data suggests that [18F]F-AraG may be useful in detecting T cell malignancies in 

vivo. 

 

2-[18F]fludarabine: Fludarabine is phosphorylated by dCK into Fludarabine phosphate (2-

fluoro-ara-adenosine monophosphate [2-F-ara-AMP]) that is a nucleoside analog resistant to 

adenosine deaminase. This drug has been used successfully to treat lymphoid malignancies. In 

wild-type animals the accumulation of 2-[18F]fludarabine is seen in the spleen while in SCID 

animals that signal is lost [31] (Figure 4A,B). Subcutaneous B cell lymphomas were also 

detected by 2-[18F]fludarabine demonstrating the selectivity for lymphoid cells in vivo. The lack 

of thymus signal and high accumulation in B cell lymphomas suggest that 2-[18F]fludarabine 

may be useful in monitoring B cell locations and malignancies.  

 

Advantages and limitations of metabolic PET: The advantage of metabolic PET is that 

measurements of cell function and metabolism can be obtained in vivo. When cell populations 

are isolated, their metabolism may change and not represent the true metabolic demands of the 

cells. For some myeloid derived cells, isolation can be difficult and can cause cell apoptosis prior 

to analysis. Measuring the accumulation of a radiolabeled metabolite in vivo can provide 

information of the whole-body metabolic demands of cells.  
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Probe synthesis can be a limiting step in metabolic PET. Some probes have multiple 

synthetic steps, low radiochemical yield, or require long tedious incubations [13]. When scaling 

from pre-clinical to clinical studies, this consideration can pose a significant hurdle in obtaining 

sufficient yield of the chemically pure product.   

 The major disadvantage for imaging immune cell function with metabolic PET is the lack 

of specificity for immune cells only. As seen in [18F]-FDG imaging, other tissues such as the 

brain and heart will accumulate the metabolic probe. When applying metabolic PET to 

immunology it is important to validate that the signal observed is due to changes in immune cell 

function rather than an experimental artifact or signal from non-immune cells.   

  

Future applications of metabolic PET: T cell metabolism is complex and changes based on the 

activation state and location of cells [32]. As discussed, probes that measure nucleoside salvage 

are capable of detecting lymphoid cells, and activated T cells increase their accumulation of 

[18F]-FAC [27]. Intratumor T cells have low accumulation of [18F]-FAC probe and may switch 

their metabolic requirements. New probes that can measure the metabolic requirements of 

intratumoral T cells are needed as they could have broad applicability to monitor models of 

cancer immunotherapy.  

 Identifying unique metabolic states of immune cell subsets will also improve our 

understanding of the kinetics of an immune response. Probes that distinguish macrophages from 

dendritic cells, or CD4 from CD8 cells could help identify the quantity and location of individual 

lineages.  
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Similar to the work of Nair-Gill and colleagues [24] more studies may use a comparison and 

combination of multiple metabolic PET probes to identify the kinetics of how metabolism 

changes after a disruption in immune perturbation from drug therapy, infection, or cancer.   

 

3. Visualization of targeted cell populations by pre-labeling ex vivo  

Ex vivo labeling of isolated hematopoietic cells has been utilized to track a range of immune 

cell subsets. Monocytes [33], engineered T cells [34], bulk lymphocytes, natural killer cells [35] 

and lymphoma cells have all been successfully monitored for their distribution and location by 

pre-labeling cells prior to infusion in SPECT and PET studies [36].  

 

64Cu direct cell labeling technologies: Cell based immunotherapies are currently being 

developed to treat a broad range of diseases with an emphasis on treating cancer. Some therapies 

require an ex vivo expansion and culture of these immune cells prior to treatment. This ex vivo 

expansion can lead to the terminal differentiation of these cells, which are then expected to have 

a finite life span in vivo. Robust assays to monitor these cells short-term would enable 

investigators to serially track the location and distribution of transplanted cells. Ex vivo 

incubation of the therapeutic cells with a residualizing probe can provide a simple and consistent 

method to track cells. The most widely used direct cell label is 64Cu-pyruvaldehyde-bis(N4-

methylthiosemicarbazone) (64Cu-PTSM) [37].  

 64Cu-PTSM acts as a lipophilic, redox-active transporter of Cu(II) ions that passively 

diffuses across the cell membrane and delivers copper into the cells. Once inside, the 64Cu and 
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PTSM complex can dissociate but the 64Cu is retained inside the cell due to the charge while the 

neutral PTSM can freely diffuse out of the cell (Figure 5A, B) [37].  

 The first demonstration of this labeling technique was with total isolated splenocytes 

labeled for 55min with 64Cu-PTSM. Cells were injected intravenously and imaged at 10 minutes 

and 20 hours after infusion. Lymphocytes trafficked from the lungs to the liver and spleen [37].  

   One concern of pre-labeling lymphocytes has been the documented sensitivity and cell 

death after exposure to radiation. New methods have been developed to minimize the inhibitory 

effects of 64Cu-PTSM on T cells in mouse models of T cell trafficking [34]. Isolated OVA Th1 

were labeled using an optimized method and tested for cell viability, IFN-γ production, 

proliferation, apoptosis, and DNA double-strand breaks. Although the optimized parameters 

were better than previous, defects in total T cell function were still observed. FACS analysis of 

phosphorylated histones of the H2AX family (γ-H2AX) was determined as a marker of 

radiation-induced DNA double-strand breaks. Three hours after 64Cu-PTSM labeling the relative 

γ-H2AX expression was approximately 9-fold higher than that of unlabeled OVA-Th1 cells. 

While labeled cells retained similar viability to their unlabeled counterparts, a significant 

decrease in IFN-gamma production was observed indicating the probe caused defects in immune 

cell function.  

For imaging purposes, the transplanted cells were tracked for up to 48 hours and cell 

locations were detected even within single lymph nodes. The homing and localization of cells 

was dependent upon injection route and whether or not the animal was activated by OVA peptide 

(Figure 5B). Labeled cells retained an equivalent homing capacity in comparison to non-labeled 
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cells and demonstrated the efficacy in utilizing 64Cu-PTSM for short consecutive scans of T cell 

homing in vivo.  

 

Limitations in imaging: The biggest limitation in PET applications with direct labeling is the 

potential radiotoxicity from the isotope used [34]. Isotopes with long decay times have continued 

exposure increasing the damage. Another concern in using radiometals for PET imaging is that 

only a fraction of the decay is beta emissions that create the 511KeV events detected by PET 

[38]. The other emissions can be high energy gamma rays that can cause DNA damage [39-40]. 

Additional emissions can cause noise and background within the scans, reducing the image 

quality [9, 40-41].   

 

4. Targeted imaging by antibody and peptide engineering.  

Detecting a selective subset of cells can be achieved by multiple PET modalities. 

Investigators often look for methods that allow for tracking a specific cell population without 

manipulating the cells via expression of exogenous DNA. These methods can include pre-

labeling as previously discussed or the use of radiolabeled antibodies and peptides [7, 42].  

To target specific cell populations in vivo with a high specificity antibody and peptides 

for PET imaging have been used. Pre-clinical and recent clinical studies have tested these agents 

for detecting tumor associated cancer antigens or lineage specific cell surface proteins [42]. 

These proteins have high binding affinities allowing for signal accumulation based on binding to 

the target protein.  
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Antibody and antibody fragments: ImmunoPET uses targeted antibodies for monitoring the 

expression and distribution of subsets of cells in vivo [10, 38, 42]. Full length antibodies are the 

most commonly used but can be unfavorable for imaging.  

An Immunoglobulin G (IgG) antibody is typically 150 kDa and is above the glomerular 

filtration threshold, which extends the blood half-life. The liver removes circulating antibodies, 

making this the dose limiting organ in imaging. High retention of circulating antibody within the 

blood also prevents imaging at early time points. Reducing the antibody size can reduce the half-

life, and antibody fragments under 70kDa can be filtered through the kidney, reducing the 

radiation dose exposure to the liver.  

Antibodies contain their specificity within the Fv portion, while domains of the Fc region 

contain the components for inducing antibody dependent cellular cytoxicity (ADCC), 

complement-dependent cytotoxicity (CDC), FcRn salvage receptor binding to keep the antibody 

in circulation, or to activate additional immune cells. Modulating or removing portions of the 

antibody can alter and remove these biological effects.      

 Radiolabeling antibodies and peptides can be done by site-specific modification or by 

modifying exposed protein residues. For antibodies or fragments that lose affinity after non-

specific radiolabeling, investigators can engineer free cysteines away from the binding site for 

site-specific modification [38, 43-44]. 

Antibody fragments from largest to smallest are intact (150kDa), sc-Fv-Fc (105kDa), 

minibody (80kDa), diabody (50kDa), and sc-Fv (25kDa) (Figure 6A). The most commonly used 
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antibody fragments for imaging are minibodies and diabodies. Minibody fragments contain a 

covalent dimer of scFv-CH3. The removal of the CH2 domain on minibody fragments removes 

ADCC, CDC, and FcRn salvage receptor binding functions. This also reduces a minibodies half-

life in the blood to 5-11 hours in comparison to 12 days for intact antibodies. Diabody fragments 

are dimers of the scFv and retain the high avidity from the bivalency but are under the kidney 

filtration cut-off allowing a half-life of 3-7 hours. Depending on the assay and selected target an 

antibody can be engineered for optimal imaging in vivo. 

 

Targeted Peptides: Lower molecular weight peptides have also been developed for PET 

imaging that are smaller than the 25kDa scFv antibody fragment. Small peptides such as the 

Pegylated Arg-Gly-Asp has been used to measure binding to brain tumor integrins [45].  Cystine 

knot peptides (knottins) are approximately 3kDa, non-immunogenic and can be engineered to 

bind a protein of interests [46].  Affibodies are engineered proteins with 58-amino acid residues 

that contain a binding surface similar to IgG antibodies [47]. Nanobodies, which are natural 

15kDa antibodies from camels [48]. Most recently, the use of the 10th type III domain of human 

fibronectin (FN3) [49]. Current immunology applications have focused on nanobodies and on 

FN3 domains [48-49].  

Nanobodies are a unique antibody format from camels. Nanobodies contain a single 

variable region of the heavy-chain-only (VHH) and are attractive proteins for therapy and imaging 

applications due to their small size (15kDa) and nanomolar affinity [48]. Due to the fast 

clearance and high targeting capacity, short-lived isotopes (18F, 68Ga) can be applied, 



19 
 

significantly reducing the total radiation exposure. For lymphocytes which are especially 

sensitive to radiation, reducing the total radiation dose can improve cell viability.   

FN3 is a protein that is less than 10 kDa, comprised of a β-sandwich, and has been 

engineered for high binding affinity to many targets including the B cell marker CD20 [49].  The 

FN3CD20 has high stability and a single lysine for site specific amine conjugation of radioisotopes 

(Figure 7A). Improvements in tissue perfusion and a short blood half-life make the FN3 proteins 

attractive for applications in immunology.  

 

Selection of isotopes and methods of radiolabeling: The most common radioisotopes 

applicable for PET that have been used in labeling proteins have been 18F, 64Cu, 89Zr, 68Ga, and 

124I. These can be added to the protein of interest through direct conjugation or by a linker that 

connects the radioisotope to the protein. For metal groups, a chelating agent is typically used as 

the linker providing a reproducible method to label the protein of interest. Linkers can be 

conjugated to amino acids in proteins such as lysines, tyrosines, or cysteines. 

A radioisotope is selected based on the desired imaging time point and half-life of the 

engineered protein. For larger proteins including antibodies, minibodies, and diabodies imaging 

time points are typically 4 hours to 4 days after injection and require longer-lived isotopes 64Cu 

(12.7 hr), 89Zr (78.4 hr), and 124I (100.2 hr)[41].  

A simple and robust labeling method has used direct radioiodination of 124I on antibodies, 

minibodies and diabodies modifying the exposed tyrosine residues [41]. The limitation is if the 

target is endocytosed then the 124I will efflux out of the cell and free 124I accumulates within the 
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thyroid and stomach. Residualizing probes should be used instead to allow accumulation of 

radioactivity such as 64Cu, 89Zr, or 68Ga. These probes remain within the lysosome after the target 

protein is degraded increasing signal overtime [38, 41].  

Excluding direct radioiodination, a linker is needed to anchor the isotope to the protein. 

Reactive cysteines are optimal targets and are usually engineered into the peptide or protein for 

site specific labeling [9-10, 41]. By engineering free cysteines conjugation is consistent with 1-2 

radioisotopes added per protein keeping a relatively consistent specific activity. Without 

engineering cysteines, exposed lysines can be targeted with radiometal bound chelates [41, 48-

50]. For small peptides including the nanobodies and FN3 proteins lysine conjugation is most 

commonly used. Macrocyclic chelators that bind the radioisotope and target the free amine group 

are derivatives of (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) (DOTA) and 2-[4,7-

bis(carboxymethyl)-1,4,7-triazonan-1-yl]acetic acid (NOTA) (Figure 6B, 7A). These chelators 

are discussed below in the specific examples of peptide imaging in immunology. 

 

Tracking T cell locations with anti-CD8: CD8 is an extracellular marker almost exclusively 

seen on cytotoxic T cells. CD8 cells can directly target and lyse cells through T cell receptor 

(TCR) / major histocompatibility (MHC) engagement. Pre-clinical models of T cell location, 

development, and function have improved our understanding of how the CD8 cells can clear 

infections or cancer. Two mouse specific CD8 minibodies (Mb) were made to target CD8 T cells 

in vivo [51]. The 2.43 Mb reacts with lyt 2.2, an isoform of CD8, in mouse strains such as 

C57Bl/6, but not in C3H. Radiolabeling of 2.43 by 64Cu-NOTA enabled imaging by microPET 

and detection of endogenous mouse CD8 cells which were seen predominantly in the spleen and 
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lymph nodes, with minimal signal seen in the bone marrow (Figure 6C). Signal was observed in 

the liver and is believed to be scavenged 64Cu and protein clearance of the radiolabeled 

minibody. The high signal seen within the lymph nodes is indicative of the sensitivity of the 2.43 

Mb for detecting CD8. It is estimated that a naïve mouse lymph node contains 1 million cells 

with 7-12% being CD8. This estimates that between 70,000 – 120,000 CD8 cells can be detected 

with 2.43 Mb immunoPET [51].  Follow up studies should investigate the tracking and kinetics 

of CD8 cells after immunotherapies that stimulate T cell expansion and tumor infiltration in 

mouse models of cancer.   

 

Tracking B cell locations with anti-CD20: CD20 is a pan B cell marker that has been a 

successful target in treating lymphomas with antibody therapy. Rituximab, the anti-CD20 

antibody has had clinical success and has been extensively studied pre-clinically. A transgenic 

mouse was made to express human CD20 enabling investigators to study the human therapy in a 

mouse models.  

A preliminary study demonstrated that 64Cu-DOTA-Rituxumab can target all transgenic 

CD20 B cells allowing investigators to monitor the location of total B cells in mice [52]. This 

study demonstrated the efficacy of using intact antibody imaging to identify primary sites of 

lymphoma. Signal was predominantly seen within the spleen and was blocked when animals 

were pretreated with cold Rituximab. Biodistribution determined that the highest dose was seen 

within the spleen and liver. When dose values from the mouse were estimated for human scans, 

the total exposure was below the safety limits. Together these validated that an intact 
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radiolabeled antibody could be effective in monitoring CD20 expressing lymphoma for staging 

and response to therapy. 

As an alternative to intact antibody imaging, a CD20 specific FN3 protein of less than 

10kDa was developed as an imaging agent. FN3CD20 is made and isolated from E. coli, and can 

be lyophilized until needed. The ability to produce and store the FN3CD20 is advantageous over 

antibodies or antibody fragments which can be difficult to produce in large quantities, purify and 

store. FN3CD20 was labeled the same as 64Cu-DOTA-Rituxumab, by 64Cu bound to the DOTA 

linker conjugated at a free lysine (Figure 7A) [49]. Using the transgenic mice expressing human 

CD20, the 64Cu-DOTA-FN3CD20 was able to target the spleen with a faster and 10x higher 

accumulation measured as target tissue-to-blood ratio. The other organs with residual signal were 

the liver and kidneys. The liver signal is most likely due to free 64Cu that dissociated from the 

DOTA label. The kidney signal is due to renal clearance of small peptides. Signals in these 

organs are lower than the spleen and lower than that seen with 64Cu-DOTA-Rituxumab. In 

xenograft studies the 64Cu-DOTA-FN3CD20 had the highest tumor:liver ratio compared to the 

antibody and a minibody (Figure 7B). The success with adapting the FN3CD20 as an imaging 

agent will hopefully lead to the development of FN3 imaging agents towards alternate immune 

markers.    

 

Limitations in imaging: 

 Protein size and quantity of the protein used can be a limitation in imaging. Proteins too 

large cannot easily target tumors or tissue with low permeability or perfusion [48]. Engineering 

smaller fragments can improve this defect but smaller proteins may have a faster blood 
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clearance, or lower avidity towards the target [10, 38, 53]. Nanobodies retain the affinity but can 

potentially be immunogenic and will need to be tested further [48].  

 

Future directions in immunoPET:  Improvements in 18F chemistry for labeling can solve 

current issues with protein imaging such as the radiotoxicity and the long incubation times 

required prior to scanning. The short half-life and ease in attaining 18F isotope can allow for 

faster scans with reduced radiotoxicity. As scientists design peptides with optimal blood half-life 

and biodistribution, 18F radiolabeling can become a more relevant isotope for these studies.  

 

5. PET reporter genes for tracking engineered cells in vivo.  

PET reporter gene overview: Reporter genes allow investigators to detect a subset of specific 

genetically labeled cells in vivo by scanning with the corresponding reporter probe. Applications 

with PET reporter genes have been used in preclinical PET studies since 1996 with a large 

portion of studies investigating lymphocyte tracking after immunotherapies [54-55]. 

 Reporter genes are ideal for preclinical studies that need to monitor the fate of 

transplanted immune cells[54]. An exogenous protein is expressed in the selected cells as a PET 

reporter and is then monitored for location, quantity, and distribution by the corresponding PET 

probe. Studies have tracked total hematopoietic cells, engineered T cells, dendritic cells, and 

other phagocytic cells in vivo.  

PET reporter genes have utilized three unique subclasses of proteins (Figure 8) [54]. 

Expression of an extracellular protein such as a receptor or transmembrane protein allows for 
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direct targeting by the radiolabeled probe. PET reporters can also be membrane transporters. 

These allow for detection by active transport and accumulation of their probe intracellular. The 

most widely used PET reporters are enzymatic kinase reporters, which phosphorylate specific 

radio-labeled PET probes. Phosphorylated molecules are trapped within cells that express the 

enzyme reporter. In cells that do not express the reporter, the PET probe can freely efflux from 

the cell [54]. We will cover the applications of PET reporter genes only in immunology, 

although applications such as stem cell based therapies have also been tested.  

 

Advantages and disadvantages of PET reporter imaging: The advantages of PET reporter 

gene imaging over metabolic or direct targeting are: 1. the ability to monitor subsets of cells (i.e. 

only the engineered T cells expressing a CAR), 2. unlike metabolic probes, the ideal PET 

reporter probe should have no accumulation in non-modified cells allowing for whole-body 

detection of  reporter cells. 3. PET reporters expression is stable and should overcome the 

variability of cellular metabolism and expression/detection can be more consistent regardless of 

tissue location. 4. some PET reporter genes have also been demonstrated as effective suicide 

genes allowing for selective cell elimination if needed. 

The major disadvantage of PET reporter gene imaging is the need to manipulate the cell 

either ex vivo or through targeted vector delivery in vivo. Cells can only express the PET 

reporter gene after the addition of exogenous DNA. Expression of foreign proteins can be 

immunogenic, deleterious, or oncogenic to the reporter labeled cells [56]. Although this is a 

potential risk, pre-clinical studies have tested whether the expression of a PET reporter gene will 
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alter function [57]. Expression of a human based enzymatic reporter did not affect hematopoiesis 

or T cell function [57-58]. 

Methods for transiently expressing a reporter gene have included transfection, adenoviral 

infection, or lipid molecule targeting [54, 59]. These methods are ideal for short term assays, for 

cells with limited replication potential so the transient DNA is not diluted, or for cell populations 

with short finite life-spans. Examples of pre-clinical studies that have used transient expression 

are dendritic cell vaccine trafficking and in vivo targeting of macrophages [4, 54, 56].    

Viral infection by lenti- or retroviruses allow for lasting expression by genomic integration. 

Genomic insertion of a PET reporter gene is ideal for tracking hematopoietic stem cell progeny 

or activated T cells. These cells both have high replication rates and the relative expression of the 

PET reporter will remain constant with the integrated DNA being passed to daughter cells. The 

major disadvantage to viral gene delivery is the risk of insertional oncogenesis, vector splicing, 

or vector silencing [56]. Insertional oncogenesis happens when the viral integration is within a 

tumor suppressor, or there is transactivation or enhancement of an oncogene near the vector 

integration site [60]. In a model of insertional oncogenesis, the dual PET reporter/suicide gene 

HSV-TK was used [61]. After treatment of mice with ganciclovir to induce suicide function in 

HSV-TK cells, escaped leukemic clones due to vector splicing were observed [61].  

 

Enzymatic PET reporter genes: Kinase PET reporter genes have been the most widely used in 

immunology studies. One reason for utilizing an enzymatic PET reporter is that even with low 

enzyme expression, the signal is amplified due to the enzymatic turnover rate of the reporter 

[54]. One limitation of enzymatic PET reporter genes is that the probe must be delivered into 
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cells by endogenous transporters [55, 57, 62-63]. Expression of these transporters is not 

regulated by the PET reporter gene and may vary depending on cell state or location [16, 64-65]. 

This may result in inconsistent signal regardless of the expression of the PET reporter gene. Yet 

one advantage of kinase reporter genes over transporters or some extracellular reporters is that 

the enzymatic reporters studied to date are relatively small (about 1kb, hNET is approximately 

1.9kb) [54]. In therapeutic vectors with limitations on total vector size, minimizing the PET 

reporter can help improve viral titer, and protein expression.     

 

HSV-TK: Herpes simplex virus type 1 thymidine kinase (HSV-TK) was first demonstrated as a 

suicide gene in vitro with selective elimination of expressing cells by acycloguanosine 

compounds such as Ganciclovir (GCV) [66]. In clinical studies the expression of HSV-TK was 

immunogenic when expressed in adoptively transferred T cells for graft versus leukemia [67-68]. 

Immune responses were from CD8 cells against the HSV-TK gene and were rapid, most likely 

due to memory T cell responses. No pre-clinical studies have reported immunogenicity from 

HSV-TK in mice. The lack of prior exposure to HSV infection may prevent mice from 

developing immunogenicity to this PET reporter making it a useful pre-clinical tool. To validate 

HSV-TK as a PET reporter, investigators first tested whether SPECT (131I) and PET (124I, 18F) 

probes of acycloguanosine like compounds could visualize HSV-TK expressing xenografts in 

mice [55]. 

 In 2002, a mutant form of HSV-TK with improved Vmax/Km for GCV (sr39TK, described 

by [62]) was used in the first immunology based application of monitoring tumor burden in Bcr-

Abl leukemia [69]. Sequential scans with a radiolabeled penciclovir analog, 9-(4-[18F]-fluoro-3 
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hydroxymethylbutyl) guanine ([18F]-FHBG), were obtained from animals with BCR-ABL 

leukemia or BCR-ABL leukemia with G protein-coupled receptor 132 (G2A) knockout. Total 

tumor burden was visualized within the bone marrow and lymph nodes. Animals with a genetic 

loss of G2A had significantly elevated signal, which corresponded to increased tumor burden and 

shorter life-expectancy. This study demonstrated the feasibility of PET reporter imaging of HSV-

TK as a tool to monitor the location of leukemogenic or normal immune cells in vivo. 

 HSV-TK was then applied to monitor the location and migration of Epstein Bar Virus 

(EBV) reactive human T cells [70]. Signal was observed in the spleen and in the EBV+ HLA 

matched tumors 24 hours after lymphocyte infusion with peak signal seen at 48 hours ([124I]-

FIAU probe was administered 4 hours prior to scan) (Figure 9). Infused cells could be monitored 

by PET imaging for up to 15 days post infusion, while in contrast, when cells were pre-labeled 

with [124I]-FIAU in vitro, signal was only maintained up to 8 days post-infusion. This 

demonstrates the capacity of being able to pre-label or image cells at distinct time points as 

needed when cells express the HSV-TK reporter gene.   

 Additional studies have utilized HSV-TK as a tool to monitor immune responses. The 

locations and infiltration of tumor reactive T cells has been detected by [18F]-FHBG in mouse 

and human models of immunotherapy. These have included engineered T cell receptors (TCRs), 

chimeric antigen receptors (CARs), and tumor reactive T cells from viral induced sarcomas [71-

73]. Animals that received a bone marrow transplant with cells engineered to express HSV-TK 

were challenged with a viral induced sarcoma and this allowed for the detection of a primary 

anti-tumor response in vivo [74]. 
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 By incorporating HSV-TK, PET reporter gene cells are detected with a 3D image of the 

location of engineered cells. This has enabled investigators to decipher tumor draining lymph 

nodes signal from tumor signal because of the improved resolution of PET in comparison to 

alternate imaging modalities.     

 

Next generation enzymatic PET reporter genes: Due to the observed clinical immunogenicity 

with HSV-TK, alternate enzymatic PET reporters were developed. Homologous to HSV-TK, the 

human nucleoside kinases were tested in PET reporter applications. Two mutant forms of human 

deoxycytidine kinase (hdCK) have been successful in monitoring engineered hematopoietic cells 

[57-58].  

 Expression of hdCKDM (point mutations of R104M and D133A) when probed with 2′-

[18F]-fluoro-2′-deoxyarabinofuranosyl-5-ethyluracil ([18F]-FEAU) was able to track tumor 

infiltrated CAR modified T cells in a model of metastatic prostate cancer [58]. Human T cells 

were engineered to express hdCKDM and the Pz-1 CAR that is targeted to prostate-specific 

membrane antigen (PSMA). T cells were transplanted and imaged 6 hours post infusion with 

[18F]-FEAU. Signal accumulated in the lung tumors of animals given the hdCKDM expressing T 

cells. This study demonstrates that hdCKDM could be used in monitoring cellular adoptive 

immunotherapy to track the location of engineered cells within metastatic tumors. 

 A separate study evaluated the expression of hdCK3mut (three point mutations within the 

active site) with [18F]-L-FMAU to monitor long-term hematopoietic stem cell engraftment and 

expansion [57] (Figure 10A). Expression of hdCK3mut allowed for serial detection of reporter 

cells up to 32 weeks after a bone marrow transplantation (Figure 10B). Importantly, long-term 
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expression of hdCK3mut was inert in hematopoietic stem cells with the hdCK3mut progeny cells 

having comparable engraftment, expansion, and longevity to non-reporter labeled cells (Figure 

10C).  

These studies show that hdCK-based PET reporter genes can be applied to current 

immunological difficulties in monitoring the location and longevity of transplanted engineered 

cells. Examples include tracking HSC transplants, engineered T cell therapies, or monitoring 

experimental GvHD. Expression of a hdCK based reporter gene is maintained and does not alter 

the cells function in vivo. To overcome the immunogenicity problem that HSV-TK faces, 

hdCKDM and hdCK3mut are human enzymes with minimal mutations, and should thus not be 

immunogenic if translated into clinical studies.  

 

Transporter PET reporter: In a mouse model of adoptive immunotherapy the human 

norepinephrine transporter (hNET) was expressed as a PET reporter gene and detected by 124I-

metaiodobenzylguanidine ([124I]-MIBG) [75]. To test the sensitivity of hNET as a PET reporter, 

T cells were injected intratumorally and imaging after 4 hours detected as little as 104 cells. To 

track tumor infiltration of T cells, EBV reactive CD8 cells were transduced to express hNET and 

injected intravenous. On day 1, 8 and 28, animals were scanned with [124I]-MIBG which showed 

a progressive increase in signal from the tumor infiltrating lymphocytes at each time point. 

Although hNET is a human enzyme and should reduce the immunogenicity seen with HSV-TK 

in human applications, comparative analysis determined that HSV-TK was more sensitive. 
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Receptor/ligand PET reporter: Although several receptor PET reporter genes have been 

developed, their applications to immunology have been limited. The recombinant 

carcinoembryonic antigen (CEA) was tested as a potential PET reporter gene by expression in 

the T cell leukemia line Jurkat. Anti-CEA minibody imaging detected CEA positive Jurkats, 

thereby demonstrating the potential applications of receptor or extracellular PET reporter genes 

[76-77]. 

 

Future directions of PET reporter genes: Only one study has been reported which uses PET 

reporter imaging for monitoring T cell activation by turning on the expression of HSV-TK [78]. 

Although all Jurkat cells were transduced with the inducible HSV-TK construct, the reporter was 

only activated and detected in those animals treated with anti-CD3 and anti-CD28. Similar 

inducible reporter systems may also be helpful in addressing the behavior of immune cells after 

immunotherapies (e.g. anti-PD1, DC vaccine, anti-CTLA4, or engineered T cells with TCRs or 

CARs) are given. In particular, if signal is weak or absent, one might be able to predict treatment 

failure or poor response to therapy.  

Improvements in lineage specific reporters could also broaden the use of PET reporter 

genes. For instance, using lineage induced reporters would enable tracking of the 

development/fate of lymphoid lineages post HSC transplant. However, current lineage reporters 

can be weak, but new methods for amplification of expression will most likely improve these 

lineage inducible systems [4].  

 Improvements in the PET reporter gene and probe combination can also allow PET 

reporter genes to be used in additional immunology applications. The higher the sensitivity of the 
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reporter and specificity of the probe, the less cells that are then needed for detection in a selected 

area. For studies that are tracking a small number of cells, this could provide a new method of 

detection. Applications could include monitoring the location of lymphocytes intratumor or 

detecting alloreactive cells that cause autoimmune disorders. For enzymatic reporters, improving 

the enzymatic activity for the probe to lower the Km and increase the turnover rate will allow for 

increased probe sequestration. Current PET reporter probes have seen non-specific clearance in 

the gallbladder, intestines, liver, kidneys, and bladder [57, 62, 79]. Metabolism and clearance of 

ideal PET reporter probes will be through renal filtration, with minimal signal seen in the 

kidneys and excretion through the bladder.  

 HSV-TK has been a successful reporter due to its sensitivity, small size, and broad 

applicability. One key feature of HSV-TK is the dual functionality of being a reporter and 

suicide gene. When given pharmacological doses of acycloguanosine compounds (e.g. 

Ganciclovir) the HSV-TK expressing cells are selectively eliminated [66]. Current literature on 

novel reporters has discussed the potential of utilizing the human PET reporters as suicide genes 

[57-58], or targeting the receptor reporters with a therapeutic antibody for selective elimination. 

Development of the suicide gene function will allow investigators to remove reporter cells in 

case of an adverse event, improving the safety of cell based therapies. 

 

6. Scanner and quantification limitations  

Resolution limitations: The resolution of microPET scanners is approximately 1mm. The 

resolution of a PET scanner is determined by the size of the scintillator crystals. In some 

instruments a continuous sheet of scintillator is used and the resolution is adjusted based on the 
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thickness of the sheet and the size of the photomultiplier tubes reading out [5]. It is difficult to 

improve the resolution of the image due to the reconstruction, and scanner sensitivity depending 

on the isotope used [5]. The slight scatter in signal between positron release and annihilation and 

total sensitivity can be problematic for small areas such as mouse lymph nodes that are at the 

limit of detection for microPET scanners. To date, the maximum predicted resolution is about 

0.5mm for a microPET scan [5]. A strategy to more accurately detect lymph nodes is to include 

the co-registration of a CT scan that can provide improved anatomical information at a higher 

resolution (typically 50-250um) allowing for ROIs drawn on the CT to be applied to the PET 

scan for quantification.  

 

Scanner Sensitivity: The total sensitivity of scanners is actively being investigated to improve 

current technologies. MicroPET scanners can detect from 4–15 % of total signal [80]. For 

experimental probes, the total counts or coincidence events needed for an accurate image 

reconstruction can be limiting when synthesis and production has low yields. For peptide or 

antibody fragments, the specific activity after radiolabeling can also vary depending on 

conjugation conditions and concentration of isotope. By utilizing scanners with enhanced 

sensitivity, less isotope and lower specific activity is needed. Conversely, investigators can 

choose to conjugate at the same or higher specificity to reduce the total amount of peptide 

needed per scan. The reduction in radioactivity improves safety, and reduces the cost per study. 

Improved sensitivity also allows sequential scans of the same animal to be extended to longer 

time points. To increase the sensitivity of the scanner and improve preclinical instrumentation 

new technology focuses on utilizing different types of detectors (planar versus cylindrical, 

material of detector, and range of detectable energy) [80]. 
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Scanner quantification limitations: Partial volume effect can be problematic in immunology 

studies because it may underestimate the total activity in a small area on the scan[81-82] . In 

particular, ROIs over areas such as the lymph nodes may be quantified with lower values in 

comparison to ex vivo biodistribution values. This issue/occurrence can be explained by the 

imaging software that keeps the minimum size of ROIs during analysis to 1 voxel 

(approximately 1mm). Due to partial signal scatter and the actual lymph node size being smaller 

than 1mm in some cases the quantified signal by PET analysis will be lower than actual values 

creating a partial volume effect. This limitation in accuracy below 1mM makes quantification not 

completely accurate for small ROIs due to current image analysis techniques. If possible, 

biodistribution by gamma counting lymph nodes is the most accurate measurement of total 

activity per gram.  

 

Low signal in microPET imaging: Low signal can be missed in organs adjacent to sites of 

probe metabolism due to the bleed over in signal and difficulty in scaling the scan 

appropriately[81]. For example, with most small molecule probes, clearance occurs in the 

kidneys and bladder. The prostate, located next to the bladder, can be difficult to detect in both 

pre-clinical and clinical scans. Adjusting the imaging protocol to allow a longer conscious uptake 

including excretion of extra probe through the bladder can help to reduce this issue.  

Low cell densities may also dilute the accumulated signal making it hard to register over 

background in certain studies. Immune cells located intratumor, and in other immune organs may 

not be detected depending on the cell state and the sensitivity of the probe. In a recent study no 

signal was observed from PET reporter labeled human cells located within the mouse spleen 
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[57]. For this experiment, the human cells comprised less than 5% of total spleen cells. Potential 

explanations are due to the low metabolic state of cells or the weak signal to noise ratio.  

Intratumor cells have also been difficult to detect in some studies. For metabolic probes, 

the background tumor metabolism can affect signal. As shown by Radu et al., cells can also 

change metabolic states intratumor altering the signal accumulation [24, 27]. Tumors also exhibit 

the enhanced permeability and retention effect (EPR) causing non-specific accumulation of some 

probes [83-84]. For pre-clinical studies, ex vivo analysis and biodistribution studies can 

complement the PET scan and accurately determine the percent injected dose in each isolated 

organ.  

 

7. Concluding remarks and future directions of PET in pre-clinical/clinical immunology 

applications. 

PET is a powerful imaging tool for pre-clinical studies due to the sensitivity, resolution, and 

wide array of applications and probes. We have covered key PET studies in immunology and 

emphasized the areas where improvements and future research should be focused. Advancing 

pre-clinical PET imaging will not only improve our understanding of disease processes and 

therapeutics, but also translate into beneficial clinical applications.  
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Figure Legends: 

Figure 1: Principles and classes of PET imaging. A) Accumulated probe will emit positrons. 

Positrons will annihilate with a nearby electron and create two opposing 511keV gamma rays. 

The paired 511keV gamma rays are detected as coincident events in the detector and a 3D image 

is reconstructed. B) PET images can detect multiple biological processes. Metabolism of a 

specific substrate can be measured by radiolabeling a mimetic and monitoring the accumulation 

of the probe. Ex vivo labeling of cells by residualizing isotopes can allow for tracking cells once 

transplanted in vivo. Antibody or peptides can be used to detect the expression of extracellular 

proteins. PET reporter genes allow specific detection by exogenous expression of a unique 

protein that can be targeted with a reporter specific probe.  

 

Figure 2: Glucose consumption in immune cells measured by [18F]-FDG. A) Chemical 

structure of [18F]-FDG. B) T-ALL mice intitated by shRNA Pten silencing. Addition of Dox will 

turn on Pten and reduce PI3K signaling. [18F]-FDG signal seen in Pten off mice is within the 

liver and spleen. Pten on reduces total tumor burden and removes majority of the liver signal 

previously observed. (Adapted from Miething et al. 2014) C) [18F]-FDG in EAE mice. In mice 

with clinical EAE scores an increase in [18F]-FDG is seen in the spinal column. (Adapted from 

Radu et al. 2007 Copyright (2007) National Academy of Sciences, USA.)  

 

Figure 3: Nucleoside Salvage in PET imaging of immune cells with [18F]-FAC. A) 

Gemcitabine (dFdC) and [18F]-FAC chemical structure. B) [18F]-FAC imaging of WT and dCK 
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KO mice. (Adapted from Toy et al. 2010) C) [18F]-FAC imaging of MSV development in wild-

type mice. Signal is observed in the: Thy- thymus, Sp-spleen, GI- gastrointestinal track, Bl-

bladder, BM- bone marrow, DLN- draining lymph node, T- tumor. (Adapted from Nair-Gill et 

al. 2010) D) [3H]-FAC uptake from sorted cells. Cells were fixed and stained with propidium 

iodide. The percentage in S-G2-M was plotted against the accumulation of [3H]-FAC. Open, 

filled, and half-filled symbols represent 3 experiments. Shapes were assigned according to cell 

type: squares- B cells, triangles- CD4+ T cells, circles- CD8+ T cells, diamonds- CD11bhi 

myeloid cells. Colors were assigned based on the tissues from which a cell population was 

isolated: blue- spleen, green- DLN, red- tumor, gray- naive lymph nodes. A positive correlation 

between [3H]-FAC accumulation and percent in S-G2-M was observed (r2 = 0.68, P < 0.0001). 

(Adapted from Nair-Gill et al., Republished with permission of J Clin Invest, from “PET probes 

for distinct metabolic pathways have different cell specificities during immune responses in 

mice.”, Nair-Gill et al., 120, 6, 2010; permission conveyed through Copyright Clearance Center, 

Inc.) 

 

Figure 4: Detection of lymphocytes with 2-[18F]fludarabine PET imaging. A) Chemical 

structure of 2-[18F]fludarabine. B) Wild-type or SCID mice were scanned with 2-

[18F]fludarabine. In wild-type mice, signal was observed within the spleen. (Adapted from Dhilly 

et al. 2014, with kind permission from Springer Science and Business Media) 

 

Figure 5: Ex vivo labeling of T cells with [64Cu]-PTSM. A) [64Cu]-PTSM bound and free 

PTSM. B) Schematic of how [64Cu]-PTSM labels cells ex vivo. (Adapted from Adonai et al. 
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2002 Copyright (2002) National Academy of Sciences, USA.) C) Different administration routes 

of 64Cu-PTSM–labeled OVA-Th1 cells resulted in distinct homing patterns. Representative 

PET/CT images at 7 h (left) and 27 h (right), with focus on perithymic LNs, lung, and spleen 

(indicated by arrows). i.p. = intraperitoneal; i.v. = intravenous. (Adapted from Griessinger et al. 

This research was originally published in JNM. Christoph M. Griessinger, et al.  In Vivo 

Tracking of Th1 Cells by PET Reveals Quantitative and Temporal Distribution and Specific 

Homing in Lymphatic Tissue. J Nucl Med. 2014;55:301-307. © by the Society of Nuclear 

Medicine and Molecular Imaging, Inc.)  

 

Figure 6: ImmunoPET by antibody engineering and radiolabeling. A) Antibody and 

antibody fragments. Top- structure and domains of the antibody fragment and size. Bottom- 

Representative biodistribution (%ID/g ) over time of a tumor targeted antibody fragment. Tumor 

is plotted in yellow, blood is plotted in blue. (Adapted from Knowles at al. Reprinted with 

permission. © (2012) AmericanSociety of Clinical Oncology. Allrights reserved.) B) Chelating 

agents used for radiolabeling antibodies and peptides. DOTA and NOTA are capable of binding 

a charged metal isotope within the center ring structure. C) 64Cu-NOTA-2.43 Mb imaging of 

mice. Bl6 are lyt 2.2 and signal is seen within the spleen and lymph nodes. Spleen and lymph 

node signal is lost in C3H  and NSG. C3H are lyt 2.1 and the 2.43 Mb cannot detect the CD8 

cells in vivo. NSG are immunedeficient and contain no endogenous CD8 cells. (Adapted from 

Taváre et al. 2014) 
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Figure 7: Targeting hCD20 with 64Cu labeled proteins. A) Structure of the [64Cu]-DOTA-

FN3CD20 peptide used. B) Subcutaneous xenografts expressing hCD20 were detected by [64Cu]-

DOTA-FN3CD20 (left) or [64Cu]-DOTA-Rituximab (right). Yellow arrow indicates tumor. L-liver, 

K-kidneys, BP-blood pool. (Adapted from Natarajan et al. 2013) 

 

Figure 8: Subclasses of PET reporter genes. PET reporter genes can be one of three subclasses 

of proteins. Receptor PET reporter genes are a transmembrane protein that allows for reporter 

imaging by binding a radiolabled ligand or targeted peptide to the protein. Transporter PET 

reporter genes work by transporting a PET reporter probe intracellular. Enzyme or kinase PET 

reporter genes work by phosphorylating their cognate probe trapping the probe intracellular. 

 

Figure 9: Tracking CTLs with HSV-TK PET reporter imaging. Sequential oblique 

projections of summed coronal images at a 45° angle to visualize the Sp-spleen, targeted tumors, 

K-kidneys, St-stomach, Bl-bladder, H-heart 4 h after [124I]FIAU injections on days 1, 8, and 15 

after infusion of CTL-TKGFP. Tumors implanted are autologous and HLA-A0201+ EBV+ 

tumors. (Reprinted by permission from Macmillan Publishers Ltd: Nature Biotechnology 

(Koehne et al.), copyright (2003)) 

 

Figure 10: hdCK3mut PET reporter gene imaging of hematopoietic reconstitution. A) 

Recipient mice received a BMT with either hdCK3mut expressing cells or YFP, scan was 

obtained 4 weeks after transplant. Signal was observed in the T-thymus, S-Spleen, BM-bone 
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marrow of hdCK3mut. Clearance of the probe was seen in both recipients in the GI-

gastrointestinal tract, K-kidney, Bl-bladder. B) Persistent reporter signal was observed in the 

BM- bone marrow and Sp-spleen of reporter mice up to 32 weeks post BMT. C) No defect in 

longevity or life expectancy was observed between hdCK3mut and YFP recipients. (Adapted 

from McCracken et al. 2013) 
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Figure 1: Principles and classes of PET imaging. A) Accumulated probe will emit positrons. 

Positrons will annihilate with a nearby electron and create two opposing 511keV gamma rays. 

The paired 511keV gamma rays are detected as coincident events in the detector and a 3D image 

is reconstructed. B) PET images can detect multiple biological processes. Metabolism of a 

specific substrate can be measured by radiolabeling a mimetic and monitoring the accumulation 

of the probe. Ex vivo labeling of cells by residualizing isotopes can allow for tracking cells once 

transplanted in vivo. Antibody or peptides can be used to detect the expression of extracellular 

proteins. PET reporter genes allow specific detection by exogenous expression of a unique 

protein that can be targeted with a reporter specific probe.  
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Figure 2: Glucose consumption in immune cells measured by [18F]-FDG. A) Chemical 

structure of [18F]-FDG. B) T-ALL mice intitated by shRNA Pten silencing. Addition of Dox will 

turn on Pten and reduce PI3K signaling. [18F]-FDG signal seen in Pten off mice is within the 

liver and spleen. Pten on reduces total tumor burden and removes majority of the liver signal 

previously observed. (Adapted from Miething et al. 2014) C) [18F]-FDG in EAE mice. In mice 

with clinical EAE scores an increase in [18F]-FDG is seen in the spinal column. (Adapted from 

Radu et al. 2007 Copyright (2007) National Academy of Sciences, USA.)  
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Figure 3: Nucleoside Salvage in PET imaging of immune cells with [18F]-FAC. A) 

Gemcitabine (dFdC) and [18F]-FAC chemical structure. B) [18F]-FAC imaging of WT and dCK 

KO mice. (Adapted from Toy et al. 2010) C) [18F]-FAC imaging of MSV development in wild-

type mice. Signal is observed in the: Thy- thymus, Sp-spleen, GI- gastrointestinal track, Bl-

bladder, BM- bone marrow, DLN- draining lymph node, T- tumor. (Adapted from Nair-Gill et 

al. 2010) D) [3H]-FAC uptake from sorted cells. Cells were fixed and stained with propidium 

iodide. The percentage in S-G2-M was plotted against the accumulation of [3H]-FAC. Open, 

filled, and half-filled symbols represent 3 experiments. Shapes were assigned according to cell 

type: squares- B cells, triangles- CD4+ T cells, circles- CD8+ T cells, diamonds- CD11bhi 

myeloid cells. Colors were assigned based on the tissues from which a cell population was 

isolated: blue- spleen, green- DLN, red- tumor, gray- naive lymph nodes. A positive correlation 

between [3H]-FAC accumulation and percent in S-G2-M was observed (r2 = 0.68, P < 0.0001). 



44 
 

(Adapted from Nair-Gill et al., Republished with permission of J Clin Invest, from “PET probes 

for distinct metabolic pathways have different cell specificities during immune responses in 

mice.”, Nair-Gill et al., 120, 6, 2010; permission conveyed through Copyright Clearance Center, 

Inc.) 
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Figure 4: Detection of lymphocytes with 2-[18F]fludarabine PET imaging. A) Chemical 

structure of 2-[18F]fludarabine. B) Wild-type or SCID mice were scanned with 2-

[18F]fludarabine. In wild-type mice, signal was observed within the spleen. (Adapted from Dhilly 

et al. 2014, with kind permission from Springer Science and Business Media) 
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Figure 5: Ex vivo labeling of T cells with [64Cu]-PTSM. A) [64Cu]-PTSM bound and free 

PTSM. B) Schematic of how [64Cu]-PTSM labels cells ex vivo. (Adapted from Adonai et al. 

2002 Copyright (2002) National Academy of Sciences, USA.) C) Different administration routes 

of 64Cu-PTSM–labeled OVA-Th1 cells resulted in distinct homing patterns. Representative 

PET/CT images at 7 h (left) and 27 h (right), with focus on perithymic LNs, lung, and spleen 

(indicated by arrows). i.p. = intraperitoneal; i.v. = intravenous. (Adapted from Griessinger et al. 

This research was originally published in JNM. Christoph M. Griessinger, et al.  In Vivo 

Tracking of Th1 Cells by PET Reveals Quantitative and Temporal Distribution and Specific 

Homing in Lymphatic Tissue. J Nucl Med. 2014;55:301-307. © by the Society of Nuclear 

Medicine and Molecular Imaging, Inc.)  
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Figure 6: ImmunoPET by antibody engineering and radiolabeling. A) Antibody and 

antibody fragments. Top- structure and domains of the antibody fragment and size. Bottom- 

Representative biodistribution (%ID/g ) over time of a tumor targeted antibody fragment. Tumor 

is plotted in yellow, blood is plotted in blue. (Adapted from Knowles at al. Reprinted with 

permission. © (2012) AmericanSociety of Clinical Oncology. Allrights reserved.) B) Chelating 

agents used for radiolabeling antibodies and peptides. DOTA and NOTA are capable of binding 

a charged metal isotope within the center ring structure. C) 64Cu-NOTA-2.43 Mb imaging of 

mice. Bl6 are lyt 2.2 and signal is seen within the spleen and lymph nodes. Spleen and lymph 

node signal is lost in C3H  and NSG. C3H are lyt 2.1 and the 2.43 Mb cannot detect the CD8 

cells in vivo. NSG are immunedeficient and contain no endogenous CD8 cells. (Adapted from 

Taváre et al. 2014) 
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Figure 7: Targeting hCD20 with 64Cu labeled proteins. A) Structure of the [64Cu]-DOTA-

FN3CD20 peptide used. B) Subcutaneous xenografts expressing hCD20 were detected by [64Cu]-

DOTA-FN3CD20 (left) or [64Cu]-DOTA-Rituximab (right). Yellow arrow indicates tumor. L-liver, 

K-kidneys, BP-blood pool. (Adapted from Natarajan et al. 2013) 
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Figure 8: Subclasses of PET reporter genes. PET reporter genes can be one of three subclasses 

of proteins. Receptor PET reporter genes are a transmembrane protein that allows for reporter 

imaging by binding a radiolabled ligand or targeted peptide to the protein. Transporter PET 

reporter genes work by transporting a PET reporter probe intracellular. Enzyme or kinase PET 

reporter genes work by phosphorylating their cognate probe trapping the probe intracellular. 
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Figure 9: Tracking CTLs with HSV-TK PET reporter imaging. Sequential oblique 

projections of summed coronal images at a 45° angle to visualize the Sp-spleen, targeted tumors, 

K-kidneys, St-stomach, Bl-bladder, H-heart 4 h after [124I]FIAU injections on days 1, 8, and 15 

after infusion of CTL-TKGFP. Tumors implanted are autologous and HLA-A0201+ EBV+ 

tumors. (Reprinted by permission from Macmillan Publishers Ltd: Nature Biotechnology 

(Koehne et al.), copyright (2003)) 
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Figure 10: hdCK3mut PET reporter gene imaging of hematopoietic reconstitution. A) 

Recipient mice received a BMT with either hdCK3mut expressing cells or YFP, scan was 

obtained 4 weeks after transplant. Signal was observed in the T-thymus, S-Spleen, BM-bone 

marrow of hdCK3mut. Clearance of the probe was seen in both recipients in the GI-

gastrointestinal tract, K-kidney, Bl-bladder. B) Persistent reporter signal was observed in the 

BM- bone marrow and Sp-spleen of reporter mice up to 32 weeks post BMT. C) No defect in 

longevity or life expectancy was observed between hdCK3mut and YFP recipients. (Adapted 

from McCracken et al. 2013) 
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CHAPTER 3: 

 

Long-term in vivo monitoring of mouse and human 

hematopoietic stem cell engraftment with a 

human positron emission tomography reporter gene. 
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Non-invasive detection of tumor infiltrating engineered 

T cells by human PET reporter imaging. 
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ABSTRACT: 

Adoptive transfer of tumor reactive T cells have reduced tumor burden, but in rare cases, on-

target/off-tumor effects have been lethal. As novel T cell therapies are developed, there is an 

essential need for a non-invasive method to track engineered cells with high sensitivity and 

resolution to observe correct cell homing or dangerous off-target locations in pre-clinical and 

clinical applications. Human deoxycytidine kinase triple mutant (hdCK3mut), a non-

immunogenic PET reporter, was previously demonstrated as an effective tool for whole-body 

monitoring of hematopoiesis. Here, we engineered hdCK3mut to be co-expressed with the anti-

melanoma T cell receptor F5 in human CD34 cells in a model of immunotherapy. Expression of 

hdCK3mut allowed for visualization of engrafted cells within the bone marrow. T cell homing 

was detected by the accumulation of [18F]-L-FMAU in hdCK3mut expressing T cells located 

intra-tumorally. Animals coexpressing hdCK3mut with the anti-melanoma TCR had 

demonstrably higher signals in HLA matched tumors when compared to animals solely 

expressing hdCK3mut. Stimulation of engineered T cells caused IFN- production and 

activation. hdCK3mut can simultaneously monitor engraftment and tumor infiltration without 

affecting T cell function. Our findings suggest that hdCK3mut reporter imaging can be applied in 

clinical immunotherapies for whole-body detection of engineered cell locations. 
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INTRODUCTION: 

Adoptive cellular immunotherapy provides an alternative cancer treatment to traditional 

chemotherapies and antibody based therapies (1, 2). Patient specific lymphocytes are isolated via 

blood or tumor resections, expanded by cytokine stimulation and in some cases engineered to 

express transgenic T cell receptors (TCRs) or chimeric antigen receptors (CARs) that specifically 

recognize the tumor (3-5). Infused lymphocytes are required to successfully home to the target 

tumors and mediate cytotoxicity (1, 5).  

 

The large expansion ex vivo prior to infusion can cause defects in T cell function (6, 7). 

Expansion can alter the tumor homing function reducing the efficacy of infused cells (8). Non-

specific expansion or TCR mismatching when cells are engineered to express a specific TCR can 

increase the number of alloreactive T cells possibly causing issues of autoimmunity and graft 

versus host disease (9-11). In the case of engineered TCRs or CARs these cells have the potential 

to recognize on-target/off-tumor sites of proper epitope display, or of epitopes similar to the 

target (4, 9). Off-target toxicity can be lethal and reinforces the need for improved preclinical 

and clinical methods of determining non-tumor localization (12). 

 

Peripheral blood analysis is a fast, simple, and routine method for monitoring transplanted 

lymphocytes. Cells isolated from blood can define quantity, phenotype and cytokine levels. The 

limitation to peripheral blood sampling is the lack of information regarding lymphocyte location 

in sites outside the circulation. Non-invasive, whole-body measurements are needed to determine 

additional sites of transplanted cells in vivo (13). Reporter imaging by positron emission 

tomography (PET) provides a 3D, highly sensitive method to detect transplanted cell locations 
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for both pre-clinical and clinical therapies (13, 14). Expression of a PET reporter gene in specific 

cell populations allows investigators to serially monitor the initial transplant and subsequent 

tumor infiltration or off-target locations of engineered cells (15, 16).  

 

Herpes Simplex Virus Thymidine Kinase (HSV-TK) was the first PET reporter gene translated 

into clinical use (17, 18). The specificity of HSV-TK for its radiolabeled probe 9-[4-[18F]fluoro-

3-(hydroxymethyl)butyl]guanine ([18F]FHBG) allows for precise detection of cells expressing 

this PET reporter gene. HSV-TK has had limited clinical utility due to the immunogenicity and 

clearance of lymphocytes expressing the PET reporter gene (19, 20). Most patients will be sero-

positive for HSV prior to transfusion of labeled cells, indicating an adaptive immune memory 

response of B cells from prior exposure to HSV (21). Previous clinical applications found that 

labeled cells expressing HSV-TK were cleared quickly due to a memory CD8 T cell response 

(19, 20).  This suggests that HSV-TK will have limited utility for monitoring transplanted cell 

populations long-term.  

 

The non-immunogenic human based PET reporter gene hdCK3mut was developed as an 

alternative to other human PET reporters and HSV-TK (16). hdCK3mut is smaller in size which 

is beneficial in constructing therapeutic vectors that have size limitations. hdCK3mut is more 

sensitive than alternative PET reporters allowing for increased signal at sites expressing 

hdCK3mut (22). The engineered substrate affinity of hdCK3mut is towards thymidine analogs 

(23, 24) while HSV-TK is engineered towards acycloguanosine substrates (25).  In some 

chemotherapy and bone marrow transplant regimens a continuous administration of 

acycloguanosine compounds are given as prophylactic antivirals limiting the use of HSV-TK in 
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these settings (14, 21). The use of hdCK3mut as a PET reporter would allow for the continuous 

treatment with such antivirals.   

 

We previously showed that hdCK3mut can visualize hematopoietic engraftment after HSC 

transplantation and found expression of hdCK3mut to be non-deleterious to cell engraftment, 

expansion, and development (16).  

 

hdCK3mut is a mutant deoxycytidine kinase and could potentially cause toxicity during immune 

cell activation by changing cellular nucleotide pools. In ADA SCID a buildup of deoxyadenosine 

triphosphate (dATP) causes T cell toxicity (26). Mice with a genetic loss of dCK also have a 

dramatic reduction in both T and B cells identified as a replication stress defect due to the 

imbalanced nucleotide pools (27).  

 

To test whether hdCK3mut PET reporter affects T cell function we utilized a previously 

described humanized mouse model of adoptive immunotherapy (28). Human hematopoietic stem 

cells (HSCs) are engineered for TCR expression ex vivo and developed into cytotoxic T cells in 

vivo. hdCK3mut alone or hdCK3mut co-expressed with the F5 TCR reactive against melanoma 

antigen recognized by T-cells 1 (MART-1) was utilized as a model to demonstrate the utility, 

safety and the biologically inert effect of hdCK3mut on T cell function.   

 

We demonstrate that hdCK3mut can be used to monitor adoptive cell therapy utilizing 

engineered TCRs in human HSCs. Functional splenocytes were isolated and stimulated ex vivo 

at experimental end point. These isolated cytotoxic T lymphocytes (CTLs) were capable of IFN-
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 production after stimulation. F5 T cells were activated and detected by surface activation 

markers in flow cytometry after antigen presentation by co-culturing MART-1 expressing 

artificial antigen presenting cells (aAPCs). In vivo the antigen positive HLA-matched tumors in 

animals receiving F5 TCR with hdCK3mut (F5/hdCK3mut) transduced HSCs have increased 

accumulation of [18F]-L-FMAU in comparison to HLA mismatched tumors. HLA matched 

tumors from the F5/hdCK3mut had an increase in [18F]-L-FMAU accumulation due to the 

infiltrated antigen specific cytotoxic T cells in comparison to the hdCK3mut recipients. 

F5/hdCK3mut animals had increased cell death within the tumor. In this study we demonstrate 

that hdCK3mut provides a safe, non-immunogenic method for measuring engineered adoptive 

cell transplant (ACT) therapy engraftment and tumor infiltration in vivo.  
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RESULTS: 

Development of the humanized mice transplanted with engineered HSCs. A modified human 

bone marrow, liver, thymus (BLT) mouse model was utilized (28). Animals are made through 

two independent steps. Initially a human thymic graft is implanted in a NOD.Cg-Prkdcscid 

Il2rgtm1Wjl/SzJ (NSG) animal. After 8 weeks the animals are then transplanted with gene 

modified CD34 cells intravenously. This allows for the development of human T, B and myeloid 

cells in NSG mice.  

 

Non-transduced HLA-A2.1 donor cells were used to establish the thymic graft that is implanted 

sub-renally (Figure 1a). The human thymic implant provides the environment for positive and 

negative selection for lymphocyte progenitors during T cell development. Notably, cells within 

the thymus are not tolerized to the PET reporter hdCK3mut or the engineered TCR due to the 

initial graft being made with naïve non-transduced cells.  

 

We gene modified the CD34+ cells by lentiviral transduction, and viably froze them for 8 weeks 

allowing the thymic graft to implant and establish in vivo. CD34 cells were transduced to express 

one lentiviral vector and separated into one of three cohorts: CD34 control with no vector 

transduction, hdCK3mut alone, and the engineered MART-1 TCR F5 with hdCK3mut 

(F5/hdCK3mut) (Figure 1b). These three animal cohorts allow for the investigation of the effect 

of hdCK3mut on T cell development and function in vivo.  

 

Transplanted CD34 cells engraft within the bone marrow and develop into lymphocyte 

progenitors which home to the thymic graft (29). Only a fraction of the CD34 cells are gene 
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modified, and a diverse T cell repertoire will develop in vivo (11, 28, 29). It is possible that the 

F5 expressing cells may be eliminated by negative selection due to TCR mismatching from 

endogenous TCR and the F5 TCR. Additional human B cells, NK cells and myeloid cells are 

developed in the “BLT” mouse and can express the hdCK3mut PET reporter gene if vector 

marked. Animals are then tumor challenged with two MART1 positive melanoma tumors. M202 

express HLA A2.1 and M207 is an HLA mismatched tumor. Engineered T cells can only 

recognize the MART1 peptide in an HLA A2.1 MHC class 1 presentation.  

 

Total engraftment was evaluated at experimental endpoint by flow cytometry analysis of cells 

from the spleen.  Flow cytometry provides information on total engraftment of human cells in 

hdCK3mut (Figure 2a), and F5/hdCK3mut (Figure 2b). MART-1 tetramer staining measures the 

percentage of T cells that are engineered to express the F5 TCR and is seen only in 

F5/hdCK3mut recipient animals (Figure 2b). Expression of the F5/hdCK3mut or hdCK3mut 

alone did not affect the human cell engraftment or lineage development. In all cohorts total 

human cell engraftment was approximately 50% of the gated lymphocyte compartment from 

forward scatter (FSC) and side scatter (SSC) (Figure 2c). Composition of the human cell 

engraftment was roughly equivalent for the percentage of CD19, CD33, CD4, and CD8 cells in 

all treatment cohorts (Figure 2d). The comparable human cell engraftment and development 

between groups demonstrates that hdCK3mut expression is not deleterious during immune cell 

development.  

 

hdCK3mut expressing T cells developed in humanized mice are capable of activation and 

cytokine secretion. T cells from splenocytes of BLT mice were cultured in low IL-2 and 
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stimulated by phorbol 12-myristate 13-acetate (PMA) and ionomycin. Intracellular interferon 

gamma (IFN-) was measured by intracellular flow (Figure 3a). Cytotoxic T cells (CD3, CD8) 

produced IFN- after overnight stimulation indicative of immune cell activation (Figure 3b). No 

difference in the quantity of IFN-  levels or the total percentage of activated cells in reporter 

labeled versus untransduced cells was detected (Figs. 3b,c). Production of IFN- in CD8 cells 

demonstrates an activated phenotype with proper cytotoxic T cell function. Although 

PMA/ionomycin causes general cell stimulation in T cells, exhausted or developmentally 

impaired CD8 cells should lack the capability to produce cytokines upon stimulation. T cells 

expressing hdCK3mut had no impairment in IFN- production and were equivalent to the control 

animals.  

 

F5 TCR T cells expressing hdCK3mut can be activated by artificial antigen presenting cells 

(aAPCs) with MART1 peptide. K562s were used as an aAPC and engineered to express 

MART-1 or hdCK3mut. Isolated splenocytes were co-cultured with aAPCs and low IL-2 for 3 

days (Figure 4a).  Since MART-1 is a self-peptide, we monitored the activation of alloreactive T 

cells. The upregulation of the surface markers CD25 and CD71 are indicative of alloreactive T 

cells (30). CD25, the IL-2 receptor, is an early activation marker for CD8 T cells. CD71, the 

transferrin receptor, is used as a later marker in T cell activation. We measured the quantity of 

activated T cells that were CD3+, CD8+, CD25+, CD71+ after stimulation by aAPCs (Figure 

4b).  
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F5 T cells from the F5/hdCK3mut recipients were activated by the antigen matched MART1 

aAPCs (Figure 4b). F5 T cells were not activated against the hdCK3mut expressing aAPCs 

(Figure 4c).  

We compared the total activated CD8 cells from F5/hdCK3mut and hdCK3mut animals when 

cultured with aAPCs expressing hdCK3mut or MART-1 (Figure 4d). A slight increase in the 

CD25+ CD71+ was seen with F5/hdCK3mut co-cultured with MART-1, with no change seen in 

the hdCK3mut T cells (Figure 4d).  A non-significant number of CD8 cells were activated 

against the aAPCs expressing the hdCK3mut. This indicates that there is not a recurrent 

population of mature CD8 or memory CD8 cells specific to hdCK3mut.  

 

The activation of engineered F5 T cells when cultured with MART-1 aAPCs was 8 fold higher in 

comparison to the hdCK3mut aAPCs (Figure 4e). This demonstrates that engineered F5 T cells 

are capable of antigen specific activation.  

 

hdCK3mut expressing T cells home and cause selective cytotoxicity to the HLA matched 

tumor  in vivo. All animals were challenged with two MART-1 positive tumors. M202 was 

HLA matched, M207 was a control HLA mismatched tumor (Figure 5a). At experimental 

endpoint, approximately 6 weeks after tumor challenge, tumors were removed and fixed for 

sectioning. The F5 TCR has previously been demonstrated to cause cytotoxicity to M202 cells in 

this model(28). Addition of the hdCK3mut PET reporter did not alter this function and the 

F5/hdCK3mut recipients had increased areas of tumor lysis seen by non-contact, apoptotic tumor 

cells in hematoxylin and eosin (H&E) histology in the M202 tumors compared to M207 (Figure 
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5b). In the hdCK3mut recipients alone, minimal tumor lysis was observed due to the lack of 

engineered T cells against the MART-1 cancer antigen (Supplemental Figure S1).  

 

PET is highly sensitive and capable of monitoring small numbers of cells in vivo. Previous 

studies demonstrated that approximately 0.5% of cells within the tumors are hCD45, with 5-10% 

of hCD45 being the engineered T cells (28). The diameter of a T cell is approximately 5 microns 

with the average tumor cell close to 20 microns, making the volume of a T cell 60 times smaller 

than a tumor cell. It is challenging to accurately quantify the total immune cell infiltrate because 

of the absolute quantity and size difference between cells. Instead we validated by IHC analysis 

that both hCD3 and hCD8 cells were present in the M202 and M207 tumors (Figure 5c-d). This 

presence of immune cells suggests that the tumor lysis seen in M202 tumors of F5/hdCK3mut 

recipients is most likely due to T cell cytotoxicity in vivo (Figure 5b-d, Supplemental Figure S2). 

hCD8 and hCD3 cells were detected in tumors of the hdCK3mut recipients as well 

(Supplemental Figure S1). Although the total immune infiltrate is low, a small number of tumor 

reactive T cells are proficient in causing tumor cell lysis in vivo. The increase in T cells and 

tumor cytotoxicity specific to the M202 tumor in F5/hdCK3mut demonstrates the T cells 

capacity to home, and selectively lyse the HLA matched tumor in vivo.  

 

Non-invasive [18F]-L-FMAU PET reporter imaging visualizes the enhanced tumor 

infiltration of engineered cytotoxic T cells. PET was used to measure two distinct cellular 

processes. One scan measured tumor location and viability while the second scan measured the 

location of hdCK3mut reporter cells. The first scan was a glucose analog, 2-deoxy-2-(18F)fluoro-

D-glucose ([18F]-FDG), to measure the glycolytic activity of the tumors (Figure 6a, 
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Supplemental Figure S3). Signal observed in both M202 and M207 tumors was quantified as a 

ratio of the maximum signals (percent injected dose/gram (%ID/g)) in the tumor to muscle in all 

animals (Figure 6b). All tumors from each cohort had similar glycolytic activity as measured by 

[18F]-FDG accumulation (Non-significant by one-way ANOVA, P=0.42) indicating that all 

tumors were engrafted with viable tissue. The regions of interest (ROIs) drawn from the [18F]-

FDG scans were used to identify tumor size and location in the follow-up PET reporter imaging 

scan.    

 

To determine the relative engraftment and location of the engineered cells, [18F]-L-FMAU PET 

reporter imaging was performed. [18F]-L-FMAU specifically accumulates in cells expressing 

hdCK3mut. In both cohorts engineered to express hdCK3mut a constitutive promoter was used 

allowing for detection of all cells that are vector marked. The advantage is that the vector marked 

stem, progenitor, and differentiated cells can all be detected with one non-invasive scan. 

Engraftment of progenitors within the bone marrow of F5/hdCK3mut and hdCK3mut animals 

can be visualized (Figure 7a-b). Additional sites of engraftment can include the lymph nodes and 

spleen. No strong spleen signal was observed, signal may be present and weak but is difficult to 

distinguish based on the high clearance of probe through the kidneys adjacent to the spleen.  

 

Engineered cells can mature into myeloid, B or T cells in vivo. Only cells that are CD3 positive 

will express the engineered F5 TCR. It is possible that signal may be observed in additional sites 

including M207 tumors due to the infiltration of non-specific immune cells. To validate that the 

signal seen within M202 tumors is specific to engineered T cells expressing hdCK3mut, we 
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compared the signal from animals receiving only the hdCK3mut PET reporter to the 

F5/hdCK3mut recipients (Figure 6c, Supplemental Figure S4).   

 

Applying hdCK3mut PET reporter imaging allowed for the detection of engineered tumor 

infiltrating lymphocytes in M202 tumors. The control non-transduced cohort had equivalent 

signal (tumor/muscle with max %ID/g) in both M202 and M207 tumors verifying that the tumor 

cell lines have equivalently low non-specific accumulation of [18F]-L-FMAU. Quantification of 

the [18F]-L-FMAU PET scan determined that the M202 signal was highest in F5/hdCK3mut 

animals in comparison to M202 signal in hdCK3mut alone (P<0.005) (Figure 6d). Both 

F5/hdCK3mut and hdCK3mut groups had increased [18F]-L-FMAU signal in HLA matched 

tumors (M202) compared to HLA mismatch (M207). The increase in signal from M202 tumors 

of hdCK3mut suggests that immune cells will traffic to HLA matched tumors even when cells 

are not engineered towards a specific cancer antigen.  

 

F5/hdCK3mut recipients had 2 fold higher accumulation of [18F]-L-FMAU in the M202 tumors 

than the matched M207 tumors. This allowed for visualization by PET reporter imaging of 

engineered T cells homing to the HLA matched tumor (Figure 6d).  
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DISCUSSION: 

Our work demonstrates that hdCK3mut and [18F]-L-FMAU are an appropriate PET reporter gene 

and probe combination for monitoring the presence of engineered lymphocytes in HLA matched 

tumors. The expression of hdCK3mut in this model did not alter T cell function, development, or 

cause a non-specific activation of T cells when evaluated by both in vitro and in vivo assays. 

hdCK3mut PET reporter imaging is a safe and effective method for monitoring adoptive cell 

therapies.  

 

PET reporter imaging can be applied to current cell based therapies. The improved 

sensitivity of hdCK3mut in detecting small infiltrating populations can be a valuable tool for 

preclinical and clinical studies investigating the locations of all engineered cells. This can 

provide information on cell locations prior to the detection of complications. As novel TCRs and 

CARs are developed the capacity to serially monitor the location, and potentially circumvent 

complications of off-target locations is essential (12, 31). hdCK3mut utilizes a high specific 

activity, short half-life, small molecule probe that allows for serial scans as needed. The major 

safety limitation of PET scans is the risk for radiochemical toxicity within the bladder and 

kidneys if multiple scans are necessary. Pre-clinical and clinical toxicity work has been done 

with [18F]-L-FMAU to determine a safe dose per patient (32).  

 

In our model system, we detected quantifiable signal with cells at an estimated density of less 

than 0.5% within tumors. In clinical settings the density of hdCK3mut cells in vivo may be 

substantially higher after bulk infusion of engineered T cells (33). The increased quantity of cells 

will increase the reporter signal allowing for a better resolution of signal to noise in the [18F]-L-
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FMAU PET scan (34, 35). This is important in detecting the correct homing capacity as well as 

the potential off-target locations of hdCK3mut expressing cells.  

 

Current adoptive cell therapies have relied on the infusion of expanded lymphocytes (1), with 

limited methods for follow-up measurements outside of peripheral blood. The addition of a PET 

reporter can help evaluate whether the loss of engineered cells in the peripheral blood correlates 

with decreased T cells within the tumor, or if the quantity of cells is exclusive and cytotoxic T 

cells remain within sites beyond the circulation (36). Serial scans can monitor the decline in total 

infiltrated cell numbers over time, providing a non-invasive method for kinetic measurements of 

the engineered immunotherapy. 

 

Methods to further enhance the sensitivity of hdCK3mut PET reporter detection. 

hdCK3mut was demonstrated to be approximately two fold more sensitive in a comparison study 

between alternate PET reporter genes(22). It has been noted that the gene transfer mechanism 

(retro, or lentivirus) as well as the promoter can alter the efficacy of the PET reporter genes (22). 

Alternatively, future PET reporter applications could utilize lineage specific promoters to track a 

subset of cells. The metabolic state of the reporter labeled cells may also change the total 

accumulation of the PET reporter probe due to differences in active versus quiescent cell 

populations (34). Future studies will investigate whether changes in cell cycle or metabolism 

alters the PET reporter function in vivo.  

 

Model limitations of BLT mice in T cell development. The T cells developed within this 

model do not contain a full T cell repertoire and can have variable T cell development including 
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low total number of cells and therefore may not fully depict what will be seen in human patients 

(29). The establishment of a non-transduced thymic graft helps to recapitulate the clinical 

settings where patients are not tolerized prior to infusion of the PET reporter gene. In vitro and in 

vivo T cell activation experiments demonstrate the functionality of cells expressing hdCK3mut. 

Further optimization in the model system may increase the total T cell quantity, but importantly 

the expression of hdCK3mut was not deleterious and did not hinder or alter total output.  

 

Future applications combining in vivo detection of T cell locations with single cell analysis 

methods to monitor function. Novel methods are able to evaluate the behavior of T cells on a 

single cell basis and provide insight into how ex vivo manipulation can affect function. A multi-

plex, bar-code ELISA was recently developed to measure the production of up to 19 cytokines 

from a single cell (36, 37). This allows for rapid analysis of individual cells at a high frequency. 

Improvements in single-cell RNA sequencing can also provide information on the T cell 

transcriptional state (38, 39).  

 

The combination of PET reporter imaging to detect cell locations, followed by isolation and 

interrogation of T cell function may help address whether the T cells that home to intra-tumor 

sites versus off-target locations have different transcription or cytokine profiles. If subsets of T 

cells function incorrectly in vivo, it may be possible to exclude or eliminate these cells prior to 

infusion providing an enhanced safety mechanism.  

 

Concluding remarks. Previous studies evaluated the expression of a human PET reporter for 

short-term (6 hours after infusion) T cell trafficking (40). To date this is the first study that 
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validates that a human PET reporter gene can simultaneously monitor engraftment and tumor 

infiltration without altering T cell development and function. hdCK3mut can be broadly 

applicable to monitoring all cell based therapies and provides the necessary tool for the tracking 

of cellular immunotherapies. 
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METHODS: 

Statistics: Graphs are plotted as mean with standard error of mean (SEM) for error bars. 

Statistics were analyzed using a one-way ANOVA followed by Dunnett’s or Tukey’s secondary 

multiple comparison test, or a Student’s T-test.  

 

Study Approval: All animal protocols were performed under the approval of the University of 

California, Los Angeles (UCLA) Animal Research Committee. 

 

Mice: Immunedeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were bred and 

maintained according to the guidelines of the Department of Laboratory Animal Medicine 

(DLAM) at the University of California, Los Angeles. All animal studies were carried out by 

using protocols that had been approved by DLAM. 

 

Human BLT establishment: Mice were generated as previously described (28). Three weeks 

after the generation of humanized BLT mice, the mice were then irradiated at 300 rad using a 

cobalt-60 source to remove endogenous cells. Then the frozen transduced CD34 cells were 

thawed and injected. Mice were bled approximately 8 weeks after injection to assess 

reconstitution.  

 

Construction of hdCK3mut expressing Lentiviral Vectors . The lentiviral vector pF5-sr39tk 

expressing the F5 TCR chains and the sr39tk reporter was constructed as previously described 

(28). The TCR and sr39tk were removed and the hdCK3mut-IRES-YFP (16) was inserted.  The 

lentiviral vector containing the MSCV promoter and F5 TCR and sr39tk (From Richard Koya) 
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was used to establish the F5/hdCK3mut vector. sr39tk was replaced with hdCK3mut. The TCR 

chains and the reporter gene are separated by picornaviral-derived 2A sequences that allow the 

expression of a polycistronic mRNA and the generation of the three protein products. Lentiviral 

vector stocks were produced by transfection of 293T cells with the lentiviral construct and the 

helper plasmids VSVG, PMDL and pREV. 

 

Transduction of human HSCs: Isolation and Transduction of CD34 hHSC. Fresh human fetal 

liver was obtained from Advanced Bioscience Resources Inc. (Alameda, CA). The tissue was 

processed, and CD34 cells were purified as previously described and were transduced 

(multiplicity of infection = 5) using retronectin (Takara Bio, Inc. Otsu, Japan)(28). Cells were 

then washed and frozen for CD34 cell injections. 

 

Immunohistochemistry: Tissue was fixed in 10% phosphate buffered formalin overnight. 

Sections were cut at 0.4 micron, with staining for hematoxylin and eosin for representative 

histology every 5 slides. Tissue sections were heated at 65 °C for 1 h to melt the paraffin 

followed by rehydration. Antigen retrieval was performed using citric acid buffer (pH 6) or 

Tris/EDTA (pH 9) and visualization was performed using liquid DAB+ kit (DAKO, Carpinteria, 

CA). Slides were blocked for endogenous peroxidase activity with 3% H2O2 in PBS for 5 min, 

then blocked with 2.5% normal horse serum. Primary antibodies were diluted with 2.5% normal 

horse serum as follows: α-CD3 (AbCam AB828, use 1:50) (Cambridge, MA), α-CD8 

(eBiosciences C8/144B, 5μg/mL) (San Diego, CA) and incubated at 4C overnight. Secondary 

antibody was added (ImmPRESS Anti-Mouse or Anti-Rabbit Ig (peroxidase) Polymer Detection 

Kit) (Burlingame, CA). 
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Flow cytometry and fluorescent activated cell sorting: Single-cell suspensions from spleen 

and peripheral blood were stained with the following fluorochrome-conjugated antibodies: 

MART1 tetramer (Beckman Coulter, Brea, CA), with eBiosciences (San Diego, CA) antibodies 

for anti-hCD45, anti-hCD4, anti-hCD8, anti-hCD3, anti-hCD33, anti-hCD56, anti-hCD123, anti-

hCD19, anti-hIgG, and anti-IFN-. Flow cytometry was performed on the BD FACScanto II.  

 

MicroPET and image analysis: Mice were warmed under gas anesthesia (2% isoflurane) and 

injected intravenously with 200 μCi of either [18F]-FDG or [18F]-L-FMAU (radiochemical 

synthesis described(32)), followed by 1 hour unconscious or 3 hour conscious uptake. Mice were 

then positioned in an imaging chamber for sequential imaging with the Siemens Preclinical 

Solutions MicroPET Focus 220 and MicroCAT II CT systems (Siemens). MicroPET data were 

acquired for 10 minutes and reconstructed with a filtered background projection probability 

algorithm. MicroPET and CT images were coregistered. Quantification of PET signal was 

performed by drawing 3D ROIs around the area of interest using AMIDE software 

(http://amide.sourceforge.net/). The max intensity of the ROI, based on the percent injected dose 

per gram, was normalized to control muscle of the left hamstring. Data are presented as fold 

change over muscle. Images are presented here using a false-color scale that is proportional to 

tissue concentration (%ID/g) of positron-labeled probe. Red represents the highest with yellow, 

green, and blue corresponding to lower concentrations. 

 

http://amide.sourceforge.net/
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Cell Line: The human melanoma cell lines M202 and M207 were used(41). M202 is HLA-

A*0201+ MART+, M207 is HLA-A*0201- MART+. Both cell lines express the MART1 antigen. 

Cell lines were cultured in complete serum media containing RPMI 160 with L-glutamine with 

10% (all percentages represent v/v) fetal bovine serum, 1% penicillin and streptomycin at 37°C 

with 5% CO2. Artificial antigen presenting cells K562 were transduced with HLA-A*0201 and 

CD80 under neomycin selection. K562-HLA-A*0201 cells were then transduced with MART-

IRES-YFP, hdCK3mut-IRES-YFP, or YFP alone. K562 aAPCs were maintained in RPMI, 10% 

FBS, P/S, L-glutamine, G418. 

 

Xenografts: Confluent plates of M202 and M207 cells were trypsinized and counted. 5e6 cells 

per xenograft were implanted subcutaneously on the flank of “BLT” humanized mice in 100uL 

total volume with a 50% matrigel, 50% DMEM mixture. M202 were placed on the left side and 

M207 were implanted on the right side of all animals (28). 

 

In Vitro Stimulation and Activation with aAPC: Spleens were harvested and homogenized 

into single cells through a 40 micron filter in RPMI, 5% FBS media followed by RBC lysis for 5 

min at room temperature. Cells were then resuspended in RPMI, 5% heat inactivated FBS, 

HEPES, BME, 600 IU/mL IL-2. Cultures were monitored for 3 days, with media 

supplementation as needed. On day 4 cells were counted and cocultured with aAPCs, or alone. 

Cocultures with aAPCs were incubated for 48 hours after plating. Lymphocytes plated alone 

were incubated with 1x cell stimulation cocktail (eBiosciences, San Diego, CA) 

(PMA/ionomycin) overnight with Golgiplug (BD Biosciences, San Jose, CA) added 6hr prior to 
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analysis. Cells were then harvested, fixed and permeabilized and flow cytometry was used to 

determine intracellular IFN-gamma levels.  
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FIGURE LEGENDS: (7 figures) 

Figure 1: Establishment of humanized mice harboring F5 TCR against MART-1. (a) HLA-

A*0201 donor tissue was combined to create an artificial human thymus, transplanted sub-

renally as a “thymic” graft in NSG mice. After 8 weeks animals received low dose, full body 

irradiation and were transplanted with gene modified (expressing F5/hdCK3mut or hdCK3mut) 

hCD34 cells. Two subcutaneous tumors were implanted, M202-left side (HLA match) and 

M207-right side (HLA mismatch). After 6 weeks animals were subjected to microPET scans, 

and ex vivo analysis of the engineered cells. (b) Vector diagrams of the F5/hdCK3mut and 

hdCK3mut lentivirus used. 

Figure 2: Engraftment and hematopoiesis of human cells in BLT mice. Cells were viably 

isolated from the spleens of BLT animals at experimental endpoint. Total engraftment and 

phenotype was analyzed by flow cytometry. Representative engraftment of hdCK3mut animals 

(a) and F5/hdCK3mut (b) are shown. Average human engraftment shown as mean with +/- SD 

(c) and distribution of cell phenotypes from all animals was determined shown as mean with + 

SD (d). 

Figure 3: hdCK3mut expressing T cells developed in vivo are capable of cytokine 

production. (a) Representative FACs plots of cultures incubated with PMA/Ionomycin. Subgate 

on CD8 cells shows intracellular IFN- by intracellular flow cytometry. IgG Isotype used as a 

control for background staining. (b) Percentage of CD8 cells that produce IFN- shown as mean 

with +/- SD. (c) Relative IFN- production was equivalent based on MFI from CD8 cells shown 

as mean with +/- SD. 
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Figure 4: In vitro function of MART-1 specific T cells developed in vivo. (a) Schematic of 

aAPC (K562) and T cell co-culture experiment. Representative flow cytometry plots from T cells 

of F5/hdCK3mut animals co-cultured with MART-1 expressing aAPCs (b) or hdCK3mut aAPCs 

(c). Top panel gated showing F5 T cells only, bottom panel shows all CD8 T cells. (d) Total 

activated T cells after 48hr coculture with aAPCs (CD25+, CD71+) for F5/hdCK3mut or 

hdCK3mut recipients. White bars are cells cultured with hdCK3mut aAPCs, black bars are cells 

cultured with MART-1 aAPCs (NS by one way ANOVA) shown as mean +SEM (n=3). (e) 

Engineered F5 T cells activation with aAPCs (P<0.005) shown as mean +SEM (n=3).  

Figure 5: Immunohistochemistry of immune infiltrates from xenografts removed from 

F5/hdCK3mut animals. (a) Schematic of xenograft location on F5/hdCK3mut animals. (b) 

H&E from M202 (HLA-A*0201+) and M207 (HLA-A*0201-) a white border is drawn to 

distinguish viable tumor from tumor necrosis. (c) α-CD3 and (d) α-CD8 from representative 

sections of M202 or M207 xenografts. (Scale bar is 50M) 

Figure 6: Detection of hdCK3mut engineered TILs by [18F]-L-FMAU PET reporter 

imaging. (a) [18F]-FDG images from F5/hdCK3mut and hdCK3mut recipient animals. M202 

xenografts are circled in red with M207 xenografts circled in aqua. (b) Quantification of the 

tumor/muscle ratio from [18F]-FDG images (NS by one way ANOVA) shown as mean +/- SEM 

(n=3 up to n=7). (c) [18F]-L-FMAU images from F5/hdCK3mut and hdCK3mut recipient 

animals. (d) Quantification of the tumor/muscle ratio from [18F]-L-FMAU images (P=0.0001) 

shown as mean +/- SEM (n=3 up to n=11). 

Figure 7: Visualization of engrafted stem and progenitor cells expressing the hdCK3mut 

PET reporter gene. Engraftment of hdCK3mut expressing cells could be detected within the 
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bone marrow of (a) F5/hdCK3mut and (b) hdCK3mut recipients. Areas of engraftment are 

circled in red. 
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SUPPLEMENTARY FIGURE LEGENDS: (4 figures) 

Supplemental Figure S1: IHC of M202 and M207 Tumors from hdCK3mut recipient 

animals. H&E, α-CD3 and α-CD8 from representative sections of M202 (HLA-A*0201+) and 

M207 (HLA-A*0201-) xenografts from hdCK3mut recipients. (Scale bar is 50M) 

 

Supplemental Figure S2: Additional IHC of M202 and M207 Tumors from F5/hdCK3mut 

recipient animals. H&E from M202 (HLA-A*0201+) and M207 (HLA-A*0201-) a white border 

is drawn to distinguish viable tumor from tumor necrosis. α-CD3 and α-CD8 from representative 

sections of M202 or M207 xenografts. (Scale bar is 50M) 

 

Supplemental Figure S3: Additional [18F]-FDG scans of BLT animals. Scans from 

F5/hdCK3mut and hdCK3mut recipient animals. M202 tumors are circled in red, M207 tumors 

are circled in aqua. 

 

Supplemental Figure S4: Additional [18F]-L-FMAU scans of BLT animals. Scans from 

F5/hdCK3mut and hdCK3mut recipient animals. M202 tumors are circled in red, M207 tumors 

are circled in aqua. 
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Figure 1: Establishment of humanized mice harboring F5 TCR against MART-1. (a) HLA-

A*0201 donor tissue was combined to create an artificial human thymus, transplanted sub-

renally as a “thymic” graft in NSG mice. After 8 weeks animals received low dose, full body 

irradiation and were transplanted with gene modified (expressing F5/hdCK3mut or hdCK3mut) 

hCD34 cells. Two subcutaneous tumors were implanted, M202-left side (HLA match) and 

M207-right side (HLA mismatch). After 6 weeks animals were subjected to microPET scans, 

and ex vivo analysis of the engineered cells. (b) Vector diagrams of the F5/hdCK3mut and 

hdCK3mut lentivirus used. 
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Figure 2: Engraftment and hematopoiesis of human cells in BLT mice. Cells were viably 

isolated from the spleens of BLT animals at experimental endpoint. Total engraftment and 

phenotype was analyzed by flow cytometry. Representative engraftment of hdCK3mut animals 

(a) and F5/hdCK3mut (b) are shown. Average human engraftment shown as mean with +/- SD 

(c) and distribution of cell phenotypes from all animals was determined shown as mean with + 

SD (d). 
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Figure 3: hdCK3mut expressing T cells developed in vivo are capable of cytokine 

production. (a) Representative FACs plots of cultures incubated with PMA/Ionomycin. Subgate 

on CD8 cells shows intracellular IFN- by intracellular flow cytometry. IgG Isotype used as a 

control for background staining. (b) Percentage of CD8 cells that produce IFN- shown as mean 

with +/- SD. (c) Relative IFN- production was equivalent based on MFI from CD8 cells shown 

as mean with +/- SD. 
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Figure 4: In vitro function of MART-1 specific T cells developed in vivo. (a) Schematic of 

aAPC (K562) and T cell co-culture experiment. Representative flow cytometry plots from T cells 

of F5/hdCK3mut animals co-cultured with MART-1 expressing aAPCs (b) or hdCK3mut aAPCs 

(c). Top panel gated showing F5 T cells only, bottom panel shows all CD8 T cells. (d) Total 

activated T cells after 48hr coculture with aAPCs (CD25+, CD71+) for F5/hdCK3mut or 

hdCK3mut recipients. White bars are cells cultured with hdCK3mut aAPCs, black bars are cells 

cultured with MART-1 aAPCs (NS by one way ANOVA) shown as mean +SEM (n=3). (e) 

Engineered F5 T cells activation with aAPCs (P<0.005) shown as mean +SEM (n=3).  
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Figure 5: Immunohistochemistry of immune infiltrates from xenografts removed from 

F5/hdCK3mut animals. (a) Schematic of xenograft location on F5/hdCK3mut animals. (b) 

H&E from M202 (HLA-A*0201+) and M207 (HLA-A*0201-) a white border is drawn to 

distinguish viable tumor from tumor necrosis. (c) α-CD3 and (d) α-CD8 from representative 

sections of M202 or M207 xenografts. (Scale bar is 50M) 
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Figure 6: Detection of hdCK3mut engineered TILs by [18F]-L-FMAU PET reporter 

imaging. (a) [18F]-FDG images from F5/hdCK3mut and hdCK3mut recipient animals. M202 

xenografts are circled in red with M207 xenografts circled in aqua. (b) Quantification of the 

tumor/muscle ratio from [18F]-FDG images (NS by one way ANOVA) shown as mean +/- SEM 

(n=3 up to n=7). (c) [18F]-L-FMAU images from F5/hdCK3mut and hdCK3mut recipient 

animals. (d) Quantification of the tumor/muscle ratio from [18F]-L-FMAU images (P=0.0001) 

shown as mean +/- SEM (n=3 up to n=11). 
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Figure 7: Visualization of engrafted stem and progenitor cells expressing the hdCK3mut 

PET reporter gene. Engraftment of hdCK3mut expressing cells could be detected within the 

bone marrow of (a) F5/hdCK3mut and (b) hdCK3mut recipients. Areas of engraftment are 

circled in red. 
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Supplemental Figure S1: IHC of M202 and M207 Tumors from hdCK3mut recipient 

animals. H&E, α-CD3 and α-CD8 from representative sections of M202 (HLA-A*0201+) and 

M207 (HLA-A*0201-) xenografts from hdCK3mut recipients. (Scale bar is 50M) 

 

 

 

 

 

 

 

 

Supplemental Figure S2: Additional IHC of M202 and M207 Tumors from F5/hdCK3mut 

recipient animals. H&E from M202 (HLA-A*0201+) and M207 (HLA-A*0201-) a white border 

is drawn to distinguish viable tumor from tumor necrosis. α-CD3 and α-CD8 from representative 

sections of M202 or M207 xenografts. (Scale bar is 50M) 
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Supplemental Figure S3: Additional [18F]-FDG scans of BLT animals. Scans from 

F5/hdCK3mut and hdCK3mut recipient animals. M202 tumors are circled in red, M207 tumors 

are circled in aqua. 

 

 

 

 

 

 

 

 

 

Supplemental Figure S4: Additional [18F]-L-FMAU scans of BLT animals. Scans from 

F5/hdCK3mut and hdCK3mut recipient animals. M202 tumors are circled in red, M207 tumors 

are circled in aqua. 
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Abstract 

 Engineering immunity by lentiviral introduction of antigen-specific T-cell-receptors 

(TCR) into hematopoietic stem cells (HSC) for adoptive immunity can potentially generate a 

long-term supply of effector T-cells to eradicate malignant disease. The ability to monitor gene-

modified cells in vivo and ablate them in the case of an adverse event provides crucial safety to 

this therapeutic modality. The dual purpose positron emission tomography (PET) reporter 

imaging/suicide gene modified from herpes-simplex-virus-thymidine-kinase (sr39TK) allows 

non-invasive assessment of engrafted gene-modified cells, as well as the ability to eliminate such 

modified cells in the event of on-target/off-organ reactivity or insertional oncogenesis. Here we 

demonstrate the in vivo imaging of human hematopoietic cells derived from G-CSF mobilized 

CD34 enriched peripheral-blood stem cells (PBSC) modified with a lentivirus containing the 

NY-ESO-1-TCR co-expressed with sr39TK in a humanized mouse model. Human cells were 

detected with PET reporter imaging in hematopoietic niches such as femurs, humeri, vertebrae, 

and thymus. Ablation of PET signal, NY-ESO-1-TCR bearing cells, and lentiviral vector 

elements were observed in niches upon treatment with ganciclovir (GCV), but not with vehicle 

control. We demonstrate that sr39TK is an efficient PET reporter and effective suicide gene for 

immunotherapy of TCR transduced PBSCs and their progeny in vivo. 
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Introduction 

The genetic modification of hematopoietic stem cells (HSC) is an attractive approach for 

the treatment of disease, first demonstrated in primary immune deficiencies (1-3). 

Transplantation of gene-modified HSCs into patients resulted in long term correction of disease 

in the majority of subjects, and paved the way for future applications using viral vectors to 

modify hematopoietic cells (4). Gene therapy has also proven a promising modality for 

engineered immunity. Preclinical studies and clinical trials that engineered peripheral T-cells 

with cancer-antigen reactive T-cell-receptors (TCR) and chimeric antigen receptors (CAR) have 

achieved tumor regression in patients (5-8). Unfortunately, not all patients developed a lasting 

and complete response with most demonstrating transient anti-tumor reactivity. The observation 

that many patients initially responded with a reduction in tumor burden yet ultimately relapsed is 

hypothesized to be due to the nature of the ex vivo T-cell expansion protocol, which pushes T-

cells to a differentiation state characterized by robust cytotoxic effector function at the cost of 

regenerative capacity (9-11). The ability to generate an antigen specific T-cell infusion product 

with long-lasting in vivo persistence, such as central memory T cells, is an area of active pre-

clinical and clinical investigation (12-16). 

HSCs represent the most primitive hematopoietic cells with the greatest regenerative 

potential, and recent preclinical studies have examined the modification of HSCs for cancer 

immunotherapy. The introduction of a pre-arranged TCR to HSCs was first demonstrated in mice 

(17), and later in humanized mouse models (18-20). These studies demonstrated that engineered 

HSCs give rise to progeny T-cells expressing the introduced transgenic TCR, and are reactive 

against cells expressing the target antigen. CARs have also been shown useful in the 

modification of HSCs for therapeutic immunotherapy, specifically against CD19 for B-cell 
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malignancies (21). The duration of de novo T-cell production in this chimeric setting is currently 

unknown, though clinical evidence supports the notion that HSCs support long-lasting 

thymopoiesis (22, 23). 

The use of strong enhancer/promoter sequences within the vector necessary to achieve 

therapeutic levels of the introduced transgene can result in activation of proto-oncogenes in 

proximity of the integration site, and clonal expansion culminating in leukemic transformation of 

modified hematopoietic cells (24). These events, while rare, mandate the incorporation of safety 

elements in vector design including insulators (25) or internal promoters with self-inactivating 

long terminal repeats (LTR) lacking strong enhancers (26-28). An additional concern particular 

to T-cell immunotherapy is that the introduction of a self-antigen-specific TCR or CAR has the 

potential to induce an auto-immune reaction. There have been several reports of cytokine storm 

syndrome after the transplant of CAR-transduced T cells (29, 30) which may benefit from an 

approach to decrease the number of transgenic cells through the use of a suicide gene. 

Immunotherapy is designed to focus primarily on tumor-specific antigens, though low level of 

these antigens may be expressed by normal tissue leading to unintended off-target reactivity. In 

clinical trials targeting melanoma by transfer of T-cells engineered to express a human TCR 

against the 27-35MART-1 peptide, acute skin rash and auto-immune vitiligo are often observed 

due to reaction against normal melanocytes that also express the MART-1 antigen (31). More 

concerning is the recent report of the death of two patients in a clinical trial using autologous T-

cells modified with an affinity-enhanced TCR against the MAGE3 antigen due to unpredicted 

reactivity to cardiac Titin (32). The possibility of occult cytotoxicity of the TCR or CAR further 

supports the inclusion of a method to eliminate gene-modified cells in vivo. 
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Suicide genes can be incorporated as a safety switch to selectively ablate gene-modified 

cells during an adverse event. These have been demonstrated in the setting of clonal outgrowth 

from activation of a proto-oncogene (33) and graft versus host disease (GvHD) and on-target/off-

organ cytotoxicity (34). Selective uptake of DNA replication chain terminator drugs by 

engineered nucleoside kinases such as native or modified herpes-simplex-virus-thymidine-kinase 

(sr39TK) (35), initiation of apoptosis mediated by inducible caspase systems by chemical 

dimerizers (36, 37), or surface proteins designed as antibody targets (38) have all been used to 

eliminate gene-modified cells. sr39TK (39) is advantageous over other modalities in that it 

additionally serves as a positron emission tomography (PET) reporter gene, allowing in vivo 

imaging to non-invasively track gene modified cells using radio-labeled substrates such as 9-(4-

[18F]-fluoro-3-[hydroxymethyl]butyl)guanine ([18F]-FHBG) (40). Despite clear potential benefit, 

the characterization of the utility of sr39TK as both a PET reporter and suicide gene in human 

HSCs and their progeny has yet to be demonstrated.  

Here we report the use of a lentiviral vector encoding sr39TK to gene-modify human 

HSCs, demonstrate a lack of developmental skewing due to the transgene; visualization of gene-

modified HSCs and their progeny at high resolution serial scans in vivo; and the ablation of gene-

modified cells in hematopoietic tissues after a single course of the pro-drug GCV as evaluated by 

biochemical, cell-biological, and molecular biological techniques. These results lend support for 

the inclusion of sr39TK in clinical trials for the modification of HSCs with a cancer-antigen 

reactive TCR or CAR to both monitor successful transplant and provide a safety-feature allowing 

the ablation of cells during a serious adverse event. 
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Materials and Methods 

HSC Transduction 

 Cells were thawed in a 37oC water bath and transferred to 50ml tubes. X-VIVO-15 was 

added drop-wise with agitation to dilute thawed cell product 1:10. Cells were spun at 500g for 

5min and supernatant was aspirated. Cells were resuspended in 50ml X-VIVO-15 and counted 

using a ViCELL Cell Viability Analyzer (Beckman Coulter, Brea, CA). Cells were spun down at 

500g for 5min, and supernatant was aspirated. Cells were resuspended in X-VIVO-15 + 

[50ng/ml] SCF, [50ng/ml] Flt3-L, [50ng/ml] TPO, and [20ng/ml] IL-3 (Peprotech, Rocky Hill, 

NJ) at a density of 4x10^6 cells/ml. Twenty-four-well non-tissue-culture treated plates coated 

with RetroNectin (TaKaRa, Shiga, Japan) were seeded with 0.25ml (1.0x10^6 cells) of cell 

suspension and incubated overnight. The following day, concentrated NY-ESO-1-TCR/sr39TK 

lentiviral prep was added for a final vector concentration of 1.0x10^8 TU/ml in a final volume of 

500ul X-VIVO-15 + cytokines as described above. Cells were incubated overnight. The 

following day, cells were collected from wells and rinsed thrice in X-VIVO-15 without 

cytokines. Cells were counted, and resuspended at a density of 2.0x10^7 cells/ml in X-VIVO-15 

+ cytokines as described above. 

 

Generation of Humanized Mice 

 Humanized mice were generated by the intrahepatic transfer of 1.0x10^6 NY-ESO-1-

TCR/sr39TK- or mock-transduced CD34+ PBSCs to neonatal NSG-HLA-A2.1 mice on day 3-5 

post-birth using a 28G tuberculin syringe(18). Neonates were preconditioned immediately before 

injection with 100cGy irradiation from a 137Cs source (JL Shepherd, San Fernando, CA). For 

tissue harvest, animals were euthanized by 5% CO2 asphyxiation immediately before dissection. 
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Single cell suspensions of thymus and spleen were prepared by dissociating organs with a 3ml 

syringe plunger over 70um mesh in FACS buffer  (DPBS, 2% FBS, 2mM EDTA) . Individual 

bones (femurs, humeri, and sternum) were kept separate to investigate potential differences in 

marrow spaces by flow cytometry and ddPCR. Marrow spaces were flushed with a 23G needle 

through 70uM mesh. Cells were enumerated and 1x10^6 splenocytes, 1x10^6 cells from the 

marrow, and 1x10^5 thymocytes were stained with antibodies as described below. 

Immunological cytotoxicity assays were performed as previously described(41). 

 

Flow Cytometry 

 Blood was drawn from the retro-orbital sinus using heparin coated capillary tubes 

(Thermo Fisher, Waltham, MA). The following antibodies (Becton Dickinson (BD), Laguna 

Hills, CA) were used to assess human engraftment: murine CD45-V500 clone 30-F11, human 

CD45-V450 clone HI30, human CD19-PE-Cy7 clone SJ25C1, human CD3-PerCP clone SK7, 

human CD4-APC clone RPA-T4, and human CD8-FITC clone HIT8a. Expression of the NY-

ESO-1-TCR was determined by binding to a PE-labeled HLA-A2.1 MHC-tetramer loaded with 

the 157-165NY-ESO-1 SLLMWITQC (Beckman Coulter, Brea, CA). Antibodies were added to 

80ul whole blood, incubated in the dark for 30min, RBC lysed with 1ml FACS Lyse (BD), 

washed with 3ml FACS buffer, spun at 500g for 5min, and resuspended in 250ul FACS buffer. 

Data were acquired on a FACS Fortessa (BD). Analysis was performed on an average of 2,000 to 

10,000 hCD45+ cells per 80ul peripheral blood drawn per mouse. 
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PET Scan 

 [18F]-FHBG was synthesized as described(42). Mice were injected IV with 250µCi [18F]-

FHBG in 50-100ul, and allowed a 3h conscious uptake. Mice were anesthetized with 2% 

isoflurane for sequential imaging in the Siemens Preclinical Solutions MicroPET Focus 220 and 

MicroCAT IICT (Siemens Malvern, PA). PET data were acquired for 10 min and reconstructed 

with a filtered background projection probability algorithm. PET/CT images were co-registered. 

Quantification of PET signal was performed by drawing 3D regions of interest (ROIs) using 

AMIDE software (http://amide.sourceforge.net/). MAP projections were generated for display in 

figures. The max intensity of the muscle ROI, based on the percent injected dose per gram, was 

subtracted from each hematopoietic niche ROI to normalize for background. Images are 

presented in false-color volumetric renderings generated in AMIDE. 

 

Statistical Analysis 

Descriptive statistics for quantitative variables such as the mean and standard error by 

experimental groups were summarized and presented. Differences between experimental groups 

were assessed by unpaired t-test (Figures 2a-2g) or pairwise comparison (Figures 6a-6d) within 

the framework of one-way analysis of variance (ANOVA). To account for variation from 

individual animals, linear mixed effect models with random intercept (43) were used to evaluate 

the between-experimental group difference (Figures 5a-5c, Figures 6e-6f) as well as pre- and 

post-treatment difference (Figures 5a-5c). For all statistical investigations, tests for significance 

were 2-tailed unless otherwise specified.  A p-value less than the 0.05 significance level was 

considered to be statistically significant. All statistical analyses were performed using SAS 

version 9.3 (SAS, Cary, NC).  

http://amide/
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Results 

 NY-ESO-1-TCR/sr39TK modified human HSCs engraft in NSG-A2.1 mice and 

generate functional NY-ESO-1 reactive T-cells in vivo 

 To test the function of sr39TK, we generated a lentiviral vector composed of a codon 

optimized NY-ESO-1-TCR linked by a 2A cleavage-peptide to sr39TK (ESO/TK) driven by the 

strong retroviral long-terminal-repeat promoter MSCV (Figure 1A). Humanized mice were 

generated by transplanting neonatal NSG-A2.1 mice with ESO/TK transduced CD34 enriched 

peripheral blood stem cells (PBSC) via intrahepatic injection (Figure 1B). At two months post-

transplant, mice were screened by peripheral blood immunophenotyping. Human cell chimerism 

in the mice was determined by evaluating lymphocytes for human CD45% divided by total 

(human+murine) CD45%. Human cells were gated into hCD19+ B-cells and hCD3+ T-cells, and 

the CD3+ population was sub-fractioned to CD4 helper and CD8 cytotoxic subsets with the NY-

ESO-1 tetramer binding activity of each assayed (Figure 1C). The transplant of PBSCs to 

neonatal NSG-A2.1 mice resulted in human chimerism in peripheral blood beginning at 2 

months post-transplant. The transduction of PBSCs with an ESO/TK lentiviral vector did not 

result in a significant change in total human cell chimerism nor alter the composition of human 

lymphoid cells (Figure 2A-E and Supplemental Table 1). NY-ESO-1-TCR+ cells, identified by 

co-staining with the 157-165NY-ESO-1 HLA-A2.1 tetramer, were only observed in the animals 

transplanted with gene-modified cells. CD4+ T-cells bearing NY-ESO-1-TCR were not observed 

(Figure 2F). CD8+ NY-ESO-1-TCR bearing cells developed solely in the ESO/TK-transduced 

group, and 8 out of 15 mice had readily detectable TCR-positive CD8 T-cells in the periphery as 

early as 2 months post-transplant (Figure 2G).  
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To validate the effector function of NY-ESO-1-TCR bearing T cells developed in vivo 

from transduced HSCs, experimental mice were harvested, splenocytes dissociated, and 

expanded by co-culture with artificial antigen presenting cells loaded with the 157-165NY-ESO-1 

peptide. Controls were generated from healthy adult donor peripheral blood T-cells activated by 

CD3/CD28 beads and transduced with the ESO/TK vector or mock transduced. Ex vivo 

expanded splenocytes from humanized mice or control human T-cells were co-cultured with 

non-HLA-A2.1 (M257) or HLA-A2.1 (M257/A2.1 and M407) patient derived melanoma cell 

lines expressing the NY-ESO-1 antigen. 51Chromium release assays to assess cytotoxicity 

revealed humanized mouse derived T-cells killed target cells in an HLA-restricted fashion 

(Figure 3A, 3B), comparable to control normal donor T-cells transduced with the NY-ESO-1-

TCR (Figure 3C). Minimal background cytotoxicity in non-transduced donor T-cells was 

observed (Figure 3D). ELISA assays revealed similar results, with both humanized mouse 

derived- and healthy donor transduced NY-ESO-1 antigen-specific T-cells secreting the effector 

cytokine interferon-gamma when cultured in the presence of target cells (Figure 3E).  

A subset of mice were selected for PET imaging studies (non-transduced humanized 

N=3, ESO/TK-transduced humanized N=10) based on equivalent human chimerism and 

lymphocyte composition, with an additional (N=3) non-transplanted age-matched NSG-A2.1 

control animals to examine background biodistribution. 

 

 sr39TK shows selective uptake of [18F]-FHBG in vivo 

 The PET reporter/suicide gene sr39TK is an engineered herpes-simplex-virus-thymidine-

kinase with approximately 300x greater affinity for GCV than wild type HSV-TK (44). The 

ESO/TK vector was first tested in Jurkat cells in vitro. Cells transduced at an MOI of 10 and 100 
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expressed the NY-ESO-1-TCR (Supplemental Figure 1A), showed selective uptake of [18F]-

FHBG (Supplemental Figure 1B), and were selectively killed by GCV (Supplemental Figure 

1C) confirming the functional activity of the ESO/TK vector.  

To test the function of sr39TK as a PET reporter/suicide gene in vivo, we designed an 

experiment to serially scan humanized mice with the PET reporter [18F]-FHBG before and after 

treatment with the prodrug Ganciclovir (GCV) followed by investigation of cell composition by 

cell- and molecular-biological methods (Figure 3A). Non-transplanted NSG-A2.1 mice and 

transplant recipients of mock transduced or ESO/TK gene-modified human PBSC were injected 

with 250µCi [18F]-FHBG and imaged on a Siemens MicroPET scanner followed by CT scan for 

overlay. Non-transplanted NSG-A2.1 mice were imaged to determine background biodistribution 

of [18F]-FHBG, which is known to have a high background in the abdominal area due to the 

probe elimination through the biliary tree and the GI tract in mice (45). As expected, non-

humanized NSG-A2.1 mice exhibited predominantly gastrointestinal tract (GI), gall bladder, and 

bladder signal, with no signal in presumptive hematopoietic niches, or areas of high metabolic 

activity such as the brain or heart (Figure 3B). Evaluation of uptake in the spleen was occluded 

by GI signal. Non- transduced humanized mice showed similar background biodistribution of 

[18F]-FHBG probe, and lack of hematopoietic niche signal (Figure 3C). In contrast, mice 

humanized with ESO/TK transduced PBSCs exhibited strong signal in hematopoietic 

compartments (i.e. long bones, skull, vertebrae, and thymus) in addition to background GI 

biodistribution (Figure 3D). Signal quantitation was performed in Amide software by drawing 3-

dimensional regions of interest (ROI) on individual femurs, humeri, the thymus, and arm muscle 

(Supplemental Figure 2A). The maximum percent injected dose/g (%ID/g) was determined for 

each ROI, and muscle was subtracted from hematopoietic niche ROIs to normalize background 
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tissue uptake. Significant accumulation of probe in ROIs was observed in hematopoietic 

compartments in the ESO/TK-transduced cohort vs. the non-transduced humanized group 

(Supplemental Figure 2B). 

 

 Gene-modified cells are selectively ablated by GCV 

 To test the suicide gene function of sr39TK in transduced human cells in vivo, previously 

scanned non-transduced humanized mice and ESO/TK-transduced humanized mouse cohorts 

were treated intraperitoneally for 5 days with vehicle or [50mg/kg] of the nucleoside prodrug 

GCV which is converted to a cytotoxic nucleotide when phosphorylated by sr39TK. PET/CT 

imaging was performed one week after the final drug injection to allow ablation of gene-

modified cells and clearance of residual GCV. Vehicle treated ESO/TK mice demonstrated 

specific uptake in hematopoietic niches in pre- and post-treatment scans (Figure 4A); however, 

GCV completely ablated PET signal in post-treatment scans in all hematopoietic niches 

previously observed to harbor probe accumulation in ESO/TK-transduced humanized mice 

(Figure 4B).  No difference in signal accumulation was detected in pre- and post-treatment scans 

in the non-transduced humanized cohort (Supplemental Figure 2C). Vehicle treated ESO/TK-

transduced recipient mice showed no significant difference in signal accumulation in 

hematopoietic compartments as determined by pre- and post-treatment scans (Figure 4C). GCV 

treated ESO/TK-transduced recipient mice showed significant ablation of [18F]-FHBG PET 

signal in hematopoietic compartments in post-treatment scans (Figure 4D). The post-treatment 

signal of GCV treated ESO/TK mice were not significantly different than background uptake in 

non-transduced humanized mice. 
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Animals were euthanized one day after the final scan, and tissues were collected and 

dissociated. Cell suspensions were enumerated, and allocated for subsequent analyses. Flow 

cytometry of splenocytes to measure chimerism revealed human cells present in all cohorts; non-

transduced humanized, vehicle treated- and GCV-treated ESO/TK-transduced humanized mice. 

There was not a significant reduction of human chimerism in GCV treated ESO/TK mice 

(Figure 5A). CD19 B-cells and CD3 T-cells were detected in all cohorts at endpoint analysis 

with no significant difference between vehicle and GCV treated ESO/TK mice (Figures 5B,C). 

In contrast, NY-ESO-1-TCR bearing CD3+CD8+ T-cells were reduced to background levels in 

the GCV treated ESO/TK-transduced humanized mice (Figure 5D).  

Quantitation of PET signal and flow cytometric analyses demonstrated ablation of gene-

modified cells while sparing non-modified cells. However, cells with low metabolic activity may 

not be sensitive to drug selection nor show specific uptake of [18F]-FHBG. In addition, as surface 

TCR expression requires co-expression of CD3, flow cytometry is unable to measure the 

presence of this transgene in non-T-cells. In order to investigate persistence of other gene-

modified cells, quantitative PCR was performed to measure the amount of lentiviral vector psi 

element per human genome in each organ compartment. No vector genomes were detected in 

non-transduced humanized mice (Figure 5E). The amount of vector present in the ESO/TK-

transduced mice treated with vehicle varied among different animals (mean=0.918±0.131, 

range=0.552–1.72), but was relatively consistent among the different tissues tested for each 

recipient (Figure 5F). In the cohort treated with a course of GCV, there was a significant 

reduction of integrated vector (mean=0.123±0.131) compared with the vehicle treated cohort 

(Figure 5G) (P<0.001).  
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Discussion 

 Gene therapy using HSCs has proven to be an efficacious treatment for monogenetic 

diseases, and is currently of interest for immunotherapy applications. Pre-clinical studies have 

provided evidence that HSCs transduced to express a transgenic TCR are capable of producing 

antigen specific effector T-cells in vivo paving the way for a first-in-man study nearing Phase I 

clinical trial (CIRM Disease Team Grant DR2A-05309). However, several questions remain. 

Enthusiasm for engineered immunity is tempered by the possibility of on-target/off-organ 

reactivity of the modified cells, and the cautionary tales of clonal outgrowth in HSC gene therapy 

patients merit the inclusion of safety measures in vector design. The inclusion of a suicide gene 

could provide a safety switch capable of ablating gene-modified cells in the event of undesirable 

off-target reactivity or clonal transformation. The ability to non-invasively track gene-modified 

cells in vivo would allow early detection of successful engraftment, active thymopoiesis, and 

homing to tumor tissue. 

 The humanized mouse allows the study of HSCs and development of their progeny in 

vivo. We used this model system to investigate the potential application of the PET 

reporter/suicide gene sr39TK in the setting of HSC based engineered immunotherapy to non-

invasively locate and ablate gene modified cells. We observed no detrimental effect of lentiviral 

transduction with the ESO/TK vector on the engraftment of PBSCs as evidenced by equivalent 

human chimerism and lymphoid composition between transduced and mock transduced cohorts. 

Detection of gene-modified cells by PET was ubiquitous in ESO/TK transduced humanized mice 

(N=15), though only 8/15 (53.33%) had detectable NY-ESO-1-TCR+ cells in peripheral blood at 

2-months post-transplant. Therefore, PET imaging allowed early assessment of engraftment of 
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gene-modified cells before NY-ESO-1-TCR+ cells have developed and migrated to the periphery 

in sufficient numbers for flow cytometric analysis.  

 A previous report used bioluminescent imaging and the luciferase reporter to visualize 

gene-modified human HSCs and their progeny residing in hematopoietic niches in a humanized 

mouse model (46). Our work expands on this pioneering study by using PET imaging, a higher-

resolution, directly clinically translatable approach to locate human HSCs in vivo. HSCs 

modified to express sr39TK were observed in hematopoietic niches, such as the long bones of 

the arms and legs and the thymus after dosing with [18F]-FHBG. Strong sternal signal in mice led 

us to include this hematopoietic niche in our harvests, a practice not routinely performed in 

humanized mouse studies yet an abundant source of hematopoietic cells. Punctate murine 

vertebral marking with engraftment of vector-bearing cells (Supplemental Figure 3) directly 

demonstrates the high-resolution possible with this imaging technology. The limit of detection 

using [18F]-FHBG as a probe with the HSV-sr39TK PET reporter gene was previously 

determined to be 1x10^6 cells/mm^3(47). The thymus of a well-engrafted humanized mouse is 

populated by approximately 2.5x10^6 human thymocytes, the majority of which are TCR 

positive in transduced cohorts, and is approximately 1mm^3 in volume (EHG unpublished 

observation). In the clinical setting, the number of transduced cells along with the richer soil of a 

human host for transduced/transplanted human HSCs is likely to result in robust PET imaging in 

excess of seen in our humanized mouse study. 

 While the immunogenicity of sr39TK has been reported in human studies of gene 

modified T-cells (48, 49), in the setting of gene modified HSCs, de novo generated DCs may 

home to the thymus and induce tolerance to the introduced gene product (50). Currently, only in 

silico predictive models of human immunogenicity exist, and the only true test is to evaluate the 
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development of an immune reaction to a transgene in clinical trials. Still, there are alternative 

approaches that do not rely on viral-derived or otherwise xenogeneic reporter genes (37, 51).  

 Although PET signal was completely ablated after GCV treatment, we detected a small 

amount of vector-containing cells in harvested hematopoietic compartments by qPCR. This may 

indicate that some transduced HSCs were GCV resistant and generated new cells post-GCV 

treatment. Longitudinal studies to examine these possibilities in small animals are technically 

difficult owing to the paucity of human cells generated, though a recent study examining sr39TK 

mediated ablation of rhesus macaque HSCs provides evidence that a single round of GCV is 

sufficient to ablate stem cells (52). The elimination of the majority of modified cells should be 

sufficient to control major toxicities.  

sr39TK allows evaluation of successful engraftment of gene-modified HSCs in vivo with 

high resolution, and the detection of thymic engraftment indicative of developing anti-cancer 

TCR expressing T-cells. It may further be used to examine the homing of gene-modified T-cells 

to intended tumor targets and eradication of disease. In the event of off-target cytotoxicity by 

engineered T-cells, GvHD, or insertional oncogenesis, the suicide gene function of sr39TK could 

be harnessed to eliminate modified cells while importantly sparing the remaining unmodified 

graft. Our study supports the hypothesis that a clinical approach to engineered HSC 

immunotherapy would benefit from the inclusion of an imaging/suicide gene. 
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Figure Legends 

Figure 1. Experimental system to test ESO/TK PET reporter and suicide gene function in 

vivo. (A) Schematic of lentiviral vector used to engineer HSCs to express the ESO/TK transgene. 

(B) CD34 enriched G-CSF mobilized peripheral blood stem cells from healthy donors were 

stimulated overnight then transduced with a lentivirus encoding the ESO/TK vector. The next 

day, cells were transplanted to irradiated NSG-A2.1 neonates by intrahepatic injection. Two 

months post-transplant, peripheral blood was screened for human chimerism and lymphoid 

development by flow cytometry. (C) Cells were first gated on the characteristic lymphocyte SSC 

x FSC profile, followed by examination of murine and human CD45 to exclude non-nucleated 

cells. Human CD45+ cells were examined for hCD19 to identify B- and hCD3 to identify T-

lineage cells. T-cells were gated into separate hCD4 helper and hCD8 effector subsets, and 

evaluated for their ability to bind the NY-ESO-1 tetramer as indicative of TCR expression. 

 

Figure 2. Human cells develop in NSG-A2.1 mice transplanted with PBSCs. Non-transduced 

and ESO/TK transduced PBSC transplanted humanized mouse peripheral blood was assayed by 

flow cytometry at 2 months post-transplant. No significant difference was observed in 

proportions of (A) human chimerism, (B) B-cells, (C) T-cells, (D) the CD4 subset, (E) or the 

CD8 subset of T-cells. (F) NY-ESO-1-TCR bearing CD4 cells were not observed. (G) NY-ESO-

1-TCR bearing CD8 T-cells developed only in the ESO/TK cohort. 

 

Figure 3. Effector function of in vivo derived NY-ESO-1-TCR bearing cells from HSCs. Ex 

vivo expanded splenocytes from ESO/TK humanized mice were evaluated alongside ESO/TK 
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transduced or mock transduced normal donor PBMCs. 51Cr release assays were performed on 

(A,B) splenocytes from ESO/TK humanized mice (ms1 and ms2), (C) healthy donor ESO/TK 

transduced T-cells, and (D) mock transduced T-cells cocultured with HLA mismatched (M257) 

or HLA matched (M257/A2.1 and M407) melanoma cell lines. (E) IFNγ ELISA was performed 

to validate results from cytotoxicity assays. 

 

Figure 4. High-resolution sr39TK PET reporter imaging of gene-modified cells in vivo. (A) 

Experimental procedure for PET imaging. Mice were injected with 250uCi [18F]-FHBG and 

PET/CT imaged. Scans of (B) non-transplanted NSG-A2.1, (C) non-transduced humanized, and 

(D) ESO/TK-transduced humanized mice. Probe was detected in the gastrointestinal tract and 

gall bladder in all mice. In ESO/TK-transduced humanized mice, signal was detectable in the 

long bones of the arms and legs, the sternum, the thymus, and vertebrae. 

 

Figure 5. GCV ablates gene modified cells hematopoietic niches. Mice were PET/CT scanned 

with [18F]-FHBG before and 7d after treatment with (A) vehicle or (B) GCV. Three of five 

representative vehicle treated mice and five of five GCV treated mice are shown. Neutral density 

masks were drawn to visually mute background GB and GI signal. ROIs were drawn on femurs, 

humeri, and the thymus of each mouse in pre- and post-treatment scans. (C) ESO/TK mice 

treated with vehicle showed no significant difference between pre- and post-treatment scans 

(P=0.402). (D) There was a significant decrease in [18F]-FHBG PET signal in hematopoietic 

ROIs in ESO/TK mice treated with GCV (P<0.001).  
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Figure 6. Immunophenotyping and VCN analysis after drug treatment. Harvested 

splenocytes from non-transduced humanized, vehicle treated ESO/TK-transduced humanized, 

and GCV treated ESO/TK-transduced humanized mice were evaluated by flow cytometry. No 

significant difference was observed for (A) human chimerism, (B) human B-cell or (C) T-cell 

composition. (D) A significant decrease of CD8+NY-ESO-1-TCR+ cells was observed after 

GCV treatment in the ESO/TK group (P=0.006). (E-G) VCN analysis of gDNA harvested from 

the sternum, thymus, femurs, humeri, and spleen were measured for each treatment group.   
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Supplemental Material 

Supplemental Table 1. Total human chimerism and lymphoid composition in NSG recipients of 

ESO/TK-transduced or non-transduced PBSC.   

 Non-Transduced ESO/TK-Transduced 

Total PB Chimerism 

(% of lymphocytes) 

35.44±10.60% 32.00±2.97% 

CD19+ B Cells 70.94±15.09% 69.47±6.24% 

CD3+ T Cells 7.70±5.55% 8.49±4.03% 

% CD4+/CD3+ T Cells 22.36±8.09% 35.67±10.23% 

% CD8+/CD3+ T Cells 19.74±6.63% 31.59±4.93% 

 

Supplemental Figure 1. Validation of sr39TK function in Jurkat cells. (A) Mock or ESO/TK 

transduced Jurkats were evaluated by flow cytometry for NY-ESO-1 tetramer binding. (B) Cells 

were cultured with 0.5µCi [18F]-FHBG for 1 hour, washed, and evaluated for uptake. (C) Cells 

were cultured in half-log increasing concentrations of GCV for 48h and evaluated for viability.  

 

Supplemental Figure 2. ROI Analysis. (A) Schematic of ROIs drawn on PET imaged mice. 3d 

cylindrical or spherical ROIs were drawn using Amide software on hematopoietic niches to 

determine probe uptake and arm muscle for background subtraction. (B) There was significant 

[18F]-FHBG uptake in the hematopoietic niches of ESO/TK mice compared with mock 
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transduced controls. (C) [18F]-FHBG uptake in non-transduced humanized mice before and after 

GCV treatment. 

 

Supplemental Figure 3. Chimerism, vector marking, and PET probe signal in vertebrae. 

(A) Cells harvested from individual vertebrae were evaluated for human chimerism by flow 

cytometry and vector marking by qPCR. (B) Data were matched with [18F]-FHBG PET scan. 

 

Supplemental Methods 

 

NY-ESO-1-TCR/sr39TK vector cloning and virus production 

 The TCR recognizing the NY-ESO-1 cancer/testes antigen has been previously described 

(1). Modifications to this self-inactivating (SIN) lentiviral vector include codon optimization of 

the 2A-linked TCR alpha and beta cDNA and 2A linkage to a codon-optimized sr39TK 

sequence, internal Murine Stem Cell Virus (MSCV) LTR promoter, and the WPRE (ESO/TK). 

Large-scale manufacture of concentrated lentivirus using a 2nd generation self-inactivating HIV-1 

vector system was performed as described previously (2). Briefly, 239T cells were transfected 

with (150ug) ESO/TK transfer plasmid, (150ug) p8.9 HIV-1 gag-pol expression plasmid, and 

(30ug) pMD-G VSV-G expression plasmid. One day following transfection, sodium butyrate 

induction was performed for 8h. Viral supernatant was harvested on d4 and d5 of production, 

followed by 2000-fold concentration by tangential flow filtration (SpectrumLabs, CA) with 

diafiltration to 10% X-VIVO-15 medium (Lonza, Walkersville, MD). qPCR titers on HT29 cells 

of concentrated preps ranged from 7.6x10^8 TU/ml-4.0x10^9 TU/ml. 

NSG-A2.1 Mice 
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 NSG mice harboring a transgene encoding the human HLA-A2.1 protein covalently 

linked to human beta 2 microglobulin (NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(HLA-A/H2-

D/B2M)1Dvs/SzJ, Stock number 014570) were obtained from The Jackson Laboratory (Bar 

Harbor, ME) (3). Mice were bred, housed, and monitored according to UCLA Department of 

Laboratory Animal Medicine standards. 

Transduction of Jurkat cells and uptake assay 

 Jurkat cells (ATCC TIB-152) were transduced with the ESO/TK lentiviral vector at an 

MOI of 10 and 100, cultured for 2 weeks, and assayed for surface TCR expression by tetramer 

staining to validate transduction. Mock transduced, MOI-10 and MOI-100 transduced Jurkats 

were cultured in 0.5µCi [18F]-FHBG for 1hr, cells were washed 3X, and resuspended in 1ml 

culture medium. Uptake was measured on a Wallac WIZARD scintillation counter (Perkin 

Elmer, Waltham, MA) using RiaCalc WIZ software (Perkin Elmer).  

HSC Isolation and Purification 

 G-CSF mobilized peripheral blood units were purchased from Cincinnati Children’s 

Hospital Medical Center and processed with the CliniMACS CD34 Reagent System, CD34 Kit, 

and Tubing System (Miltenti, Auburn, CA) per manufacturer’s instructions. Approximately 

3.44x10^9 CD34+ cells were obtained from approximately 150ml apheresis product at a purity 

of >98% as assessed by flow cytometry. Aliquots of 5.0x10^6 cells were frozen in Pentastarch + 

10% DMSO at -80C overnight then transferred to liquid nitrogen for long-term storage. 

VCN Analysis 

 Vector copy number was determined by digital droplet quantitative PCR (ddPCR) for the 

lentiviral psi element (FWD: AAG TAG TGT GTG CCC GTC TG, REV: CCT CTG GTT TCC 

CTT TCG CT, PRO: 5’-FAM / CCC TCA GAC / ZEN / CCT TTT AGT) and normalized to the 
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endogenous human SDC4 reference gene (FWD: CAG GGT CTG GGA GCC AAG T, REV: 

GCA CAG TGC TGG ACA TTG ACA, PRO: 5’-HEX / CCC ACC GAA CCC AAG AAA 

CTA). Genomic DNA was extracted using the NucleoSpin Tissue kit (Macherey Nagel, 

Bethlehem, PA). PCR using 200ng genomic DNA template, [400nM] primers and [100nM] 

probe, and 1000U DraI per reaction was digested for 1hr at 37C. Digested pre-PCR reactions 

were run through the QX100 Droplet Generator (BioRad, Hercules, CA) followed by the 

following reaction conditions: 95C for 10min, [94C for 30sec, 60C for 1min] for 55 cycles, 98C 

for 10min, and 12C hold on a T100 thermal cycler (BioRad). Droplets were read on a QX100 

Droplet Reader (BioRad). 
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Figure 1. Experimental system to test ESO/TK PET reporter and suicide gene function in 

vivo. (A) Schematic of lentiviral vector used to engineer HSCs to express the ESO/TK transgene. 

(B) CD34 enriched G-CSF mobilized peripheral blood stem cells from healthy donors were 

stimulated overnight then transduced with a lentivirus encoding the ESO/TK vector. The next 

day, cells were transplanted to irradiated NSG-A2.1 neonates by intrahepatic injection. Two 

months post-transplant, peripheral blood was screened for human chimerism and lymphoid 

development by flow cytometry. (C) Cells were first gated on the characteristic lymphocyte SSC 

x FSC profile, followed by examination of murine and human CD45 to exclude non-nucleated 

cells. Human CD45+ cells were examined for hCD19 to identify B- and hCD3 to identify T-

lineage cells. T-cells were gated into separate hCD4 helper and hCD8 effector subsets, and 

evaluated for their ability to bind the NY-ESO-1 tetramer as indicative of TCR expression. 
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Figure 2. Human cells develop in NSG-A2.1 mice transplanted with PBSCs. Non-transduced 

and ESO/TK transduced PBSC transplanted humanized mouse peripheral blood was assayed by 

flow cytometry at 2 months post-transplant. No significant difference was observed in 

proportions of (A) human chimerism, (B) B-cells, (C) T-cells, (D) the CD4 subset, (E) or the 

CD8 subset of T-cells. (F) NY-ESO-1-TCR bearing CD4 cells were not observed. (G) NY-ESO-

1-TCR bearing CD8 T-cells developed only in the ESO/TK cohort. 
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Figure 3. Effector function of in vivo derived NY-ESO-1-TCR bearing cells from HSCs. Ex 

vivo expanded splenocytes from ESO/TK humanized mice were evaluated alongside ESO/TK 

transduced or mock transduced normal donor PBMCs. 51Cr release assays were performed on 

(A,B) splenocytes from ESO/TK humanized mice (ms1 and ms2), (C) healthy donor ESO/TK 

transduced T-cells, and (D) mock transduced T-cells cocultured with HLA mismatched (M257) 

or HLA matched (M257/A2.1 and M407) melanoma cell lines. (E) IFNγ ELISA was performed 

to validate results from cytotoxicity assays. 
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Figure 4. High-resolution sr39TK PET reporter imaging of gene-modified cells in vivo. (A) 

Experimental procedure for PET imaging. Mice were injected with 250uCi [18F]-FHBG and 

PET/CT imaged. Scans of (B) non-transplanted NSG-A2.1, (C) non-transduced humanized, and 

(D) ESO/TK-transduced humanized mice. Probe was detected in the gastrointestinal tract and 

gall bladder in all mice. In ESO/TK-transduced humanized mice, signal was detectable in the 

long bones of the arms and legs, the sternum, the thymus, and vertebrae. 
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Figure 5. GCV ablates gene modified cells hematopoietic niches. Mice were PET/CT scanned 

with [18F]-FHBG before and 7d after treatment with (A) vehicle or (B) GCV. Three of five 

representative vehicle treated mice and five of five GCV treated mice are shown. Neutral density 

masks were drawn to visually mute background GB and GI signal. ROIs were drawn on femurs, 

humeri, and the thymus of each mouse in pre- and post-treatment scans. (C) ESO/TK mice 

treated with vehicle showed no significant difference between pre- and post-treatment scans 

(P=0.402). (D) There was a significant decrease in [18F]-FHBG PET signal in hematopoietic 

ROIs in ESO/TK mice treated with GCV (P<0.001).  
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Figure 6. Immunophenotyping and VCN analysis after drug treatment. Harvested 

splenocytes from non-transduced humanized, vehicle treated ESO/TK-transduced humanized, 

and GCV treated ESO/TK-transduced humanized mice were evaluated by flow cytometry. No 

significant difference was observed for (A) human chimerism, (B) human B-cell or (C) T-cell 

composition. (D) A significant decrease of CD8+NY-ESO-1-TCR+ cells was observed after 

GCV treatment in the ESO/TK group (P=0.006). (E-G) VCN analysis of gDNA harvested from 

the sternum, thymus, femurs, humeri, and spleen were measured for each treatment group.   
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Supplemental Figure 1. Validation of sr39TK function in Jurkat cells. (A) Mock or ESO/TK 

transduced Jurkats were evaluated by flow cytometry for NY-ESO-1 tetramer binding. (B) Cells 

were cultured with 0.5µCi [18F]-FHBG for 1 hour, washed, and evaluated for uptake. (C) Cells 

were cultured in half-log increasing concentrations of GCV for 48h and evaluated for viability.  
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Supplemental Figure 2. ROI Analysis. (A) Schematic of ROIs drawn on PET imaged mice. 3d 

cylindrical or spherical ROIs were drawn using Amide software on hematopoietic niches to 

determine probe uptake and arm muscle for background subtraction. (B) There was significant 

[18F]-FHBG uptake in the hematopoietic niches of ESO/TK mice compared with mock 

transduced controls. (C) [18F]-FHBG uptake in non-transduced humanized mice before and after 

GCV treatment. 
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Supplemental Figure 3. Chimerism, vector marking, and PET probe signal in vertebrae. 

(A) Cells harvested from individual vertebrae were evaluated for human chimerism by flow 

cytometry and vector marking by qPCR. (B) Data were matched with [18F]-FHBG PET scan. 
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Engineered antibody fragments for immunoPET 

imaging of  endogenous CD8+ T cells in vivo. 
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The primary goal of the research presented here is to develop non-invasive imaging 

strategies for tracking immune cell populations in vivo. In the previous five chapters, we have 

performed a series of studies that utilize positron emission tomography (PET) as a non-invasive 

imaging tool for tracking hematopoietic cells in vivo (1-5). Hematopoietic cells genetically 

engineered to express a PET reporter gene allowed for serial tracking of hematopoietic stem cell 

(HSC) transplant and engraftment (4), the trafficking of engineered T cells to the tumor of 

interest(3), and monitoring the ablation of reporter/suicide-gene labeled cells (2). For detecting 

endogenous CD8 cells, engineered antibody fragments were developed and imaged by 

immunoPET techniques (5). These pre-clinical studies establish multiple PET imaging strategies 

that can be directly translated for clinical use in monitoring immune cell populations.     

PET reporter imaging has had limited clinical translation to date. In clinical studies, 

herpes simplex virus thymidine kinase 1 (HSV-TK) expressing lymphocytes were transferred 

into patients and a rapid immune response was detected against the cells (6). The adaptive 

immune response was determined to be CD8 cells directed against the HSV-TK transgene (6, 7). 

This immunogenicity has precluded the use of HSV-TK PET reporter gene imaging in a number 

of clinical studies that would greatly benefit from the non-invasive tracking of transplanted 

engineered cells. PET reporter imaging could provide a method to simultaneously detect 

transplanted cells throughout the whole body non-invasively. For adoptive cell therapies, 

imaging could be used to determine whether lymphocytes have trafficked to the tumor of interest 

or whether cells have migrated to alternate tissue or lymphoid organs.  

As described in chapters 3-4, we developed and tested a human based PET reporter gene 

that is thought to be non-immunogenic (3, 4). Human deoxycytidine kinase with three point 
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mutations within the active site (hdCK3mut), when probed with [18F]-L-FMAU, was 

approximately two-fold more sensitive than HSV-TK as a PET reporter gene (1). Expression of 

hdCK3mut was inert, and HSCs were capable of long-term engraftment, expansion and 

differentiation with no diminution in quantity of reporter cells. In hdCK3mut expressing T cells, 

no defect in function was observed. PET reporter imaging detected the homing of hdCK3mut 

engineered T cells to the HLA matched tumor, providing a non-invasive tracking method.   

  

Unanswered questions and future studies: 

Can hdCK3mut be used as a suicide gene in vivo? 

Recombinant enzyme studies have demonstrated that hdCK3mut has a lower Km for several 

chemotherapeutic agents in comparison to WT hdCK (8-10). Our work has demonstrated that 

cell lines expressing hdCK3mut were approximately 10 times more sensitive to Gemcitabine 

than cells expressing wild-type dCK (data not shown). Additional nucleoside analog compounds 

were tested with no difference in viability. Further in vitro and in vivo studies will need to be 

completed to identify potential drugs that selectively kill hdCK3mut expressing cells. 

 

Can memory T cells be detected by hdCK3mut? 

Our studies have demonstrated that hdCK3mut causes no defects in immune cell development or 

during a primary immune response (3). One question to be addressed is whether the expression 

of hdCK3mut alters memory T cell development or if these residual memory T cells can be 

detected by PET reporter imaging. Memory T cells are usually quiescent and their metabolic 
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state is different than activated T cells (11). This change in metabolism may alter the nucleoside 

transporter levels that transport [18F]-L-FMAU into cells and prevent the detection of reporter-

labeled memory T cells.   

 

Challenges for PET reporter applications in clinical therapies:  

To include PET reporter gene imaging into clinical applications, an argument must 

provide reasons why PET reporter imaging is needed and superior to current methods of 

monitoring.  

Unlike biopsies which provide tissue-specific information at a static time point, serial 

reporter scans can track transplants long-term and non-invasively. Biopsies are biased based on 

the small sample size and selected location. The biopsy can damage surrounding tissue or 

potentially introduce an infection (12). Reporter imaging can be substituted as a method to detect 

transplant viability, and, if needed, provide information on a location to biopsy that contains 

transplanted cells.  

Continuous expression of a transgene needs to be demonstrated as safe and inert in 

labeled cells prior to clinical translation. hdCK3mut causes no defect on hematopoietic cell 

function and is hypothesized to be non-immunogenic in clinical applications (4). Experiments in 

Chapter 4 demonstrated that the expression of hdCK3mut in antigen presenting cells did not 

induce T cell activation (3). There is still a risk of immunogenicity once cells expressing 

hdCK3mut are used clinically, but there are no further pre-clinical tests to completely disprove 

this.  
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Total radiation dose from the administered probe is a limitation in all PET imaging 

studies. [18F]-L-FMAU is cleared through renal filtration. This clearance exposes the highest 

dose of radiation to the bladder and also residual dose in the liver, kidneys, gall bladder, GI tract 

and myocardium (13). Pre-clinical biodistribution and a small clinical safety study has 

demonstrated the safety of [18F]-L-FMAU as a probe for clinical imaging (13).  

 

Applications of PET reporter imaging in stem cell based therapies: 

 As confirmed in Chapters 3-5, PET reporter imaging can monitor the engraftment and 

expansion of human stem and progenitor cells after HSC transplant (2-4). PET reporter genes 

can be applied to monitor the kinetics of clinical HSC transplants after gene therapy. In severe 

combined immunodeficiency (SCID) caused by a genetic loss of adenosine deaminase (ADA), 

gene therapy has corrected the enzyme deficiency and has been successful in clinical 

applications (14, 15). These transplants utilize genetically modified autologous HSCs, and 

inclusion of a PET reporter gene could allow serial measurements of the engraftment kinetics 

prior to peripheral T and B cell detection.  

 In stem cell based therapies that cannot be measured by peripheral blood or when 

biopsies are not possible, the inclusion of a PET reporter gene can solve an unmet need in 

tracking transplants (16). Examples could include stem cell therapies for replacing 

cardiomyocytes or pancreatic beta islet cells (16-19). Scans can determine the location and 

intensity of PET reporter expression, and provide a method to track the relative quantity and 

long-term engraftment of these transplanted cells in vivo.   
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PET reporter applications in immunotherapy: 

 Engineered T cell therapies are expanding their clinical applications. Clinical trials with 

T cells engineered to express a chimeric antigen receptor (CAR) against CD19 have obtained 

complete remission and are believed to have cured patients with relapsed B cell acute 

lymphoblastic leukemia (B-ALL) (20). Investigators are hopeful that these engineered killer T 

cells will provide treatments for previously incurable cancers (21, 22). Although these cells have 

been highly effective, they have also been lethal in cases of on-target/off-tumor effects (23).  

A major limitation of this approach is the lack of in vivo methods to determine off-target 

locations of engineered T cells. Co-expression of a PET reporter gene can allow for tracking T 

cells systemically (3). For pre-clinical models of engineered HLA-A2 TCRs the transgenic HLA-

A2.1 SCID mouse can be used as a model system capable of carrying a xenograft test tumor. 

These mice will express HLA-A2.1 MHC class 1 and will present endogenous peptides 

systemically as well (24). Transplanted engineered T cells can be monitored for tumor homing, 

and to detect off-target T cell locations. The similarity between mouse and human proteins can 

identify off-target locations, and can predict complications in future human applications. 

Differences between species may not detect all potential complications due to alternate protein 

expression or sequences but can be used as a primary screening method.  

 

Impact of hdCK3mut on PET reporter imaging: 

 PET reporter imaging has been applied to pre-clinical studies for almost 20 years (25). 

Multiple PET reporter genes have been developed to optimize reporter expression and 
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sensitivity. Our work in Chapter 2 applies a standard imaging platform to compare different PET 

reporter genes sensitivity by comparing the vector copies per cell to the percent injected dose per 

gram (%ID/g) (1). As alternative PET reporter genes are developed, a standard comparison in the 

sensitivity to hdCK3mut or other previous PET reporter genes should be done. This assay can 

also be applied to testing novel PET probes for reporter detection. [18F]-L-FMAU has liver and 

myocardium uptake in healthy human scans (13). Identifying a different PET reporter probe that 

has lower background accumulation in humans may improve the range of applications for 

hdCK3mut reporter detection. A direct comparison of [18F]-L-FMAU and alternative probes can 

determine if there is a difference in signal accumulation. This will identify the optimal PET 

probe for each PET reporter gene. 

 The studies in chapter 3-5 demonstrate that PET reporter genes can be used for serial 

tracking of hematopoietic cells in vivo. hdCK3mut is the first PET reporter gene that has been 

tested for the long-term HSC reporter capacity (4). Engrafted cells were detected up to 32 weeks 

post bone marrow transplantation, with no counter selection of cells. Hematopoietic cells are 

continuously dividing and differentiating to supply a constant source of new blood cells. The 

hdCK3mut stem and progenitor population was not counter selected, and progeny cells 

expressed the PET reporter. Based on our studies in the hematopoietic system, we believe that 

expression of hdCK3mut will also be inert and maintained in other stem cell based therapies.  
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