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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



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
[|F]-L-FMAU  (1-(2-deoxy-2-'*fluoro-B-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 ®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.



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



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.



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: *®F-110 min, **C-20 min, %®Ga-
68 min) that are commonly engineered into metabolites, or PET reporter probes. A fluorinated
glucose analog, 2-deoxy-2-(*®F)fluoro-D-glucose ([*®F]-FDG), measures glucose consumption
and is the most commonly used PET probe[8]. In the clinic, [*®F]-FDG is widely used for cancer
diagnosis, staging, and response to therapy. Recently, investigators have begun to test whether
[*®F]-FDG can be used to monitor immune cell function in cases of autoimmunity and blood
malignancies [8]. Long-lived positron emitting nuclides (half-lifes: *2*1- 4.1 days, '*'I- 8 days,

%4Cu- 12.7 hours, ®9Zr- 3.3 days) are more commonly used in antibody or peptide labeling.



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
5



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 8F 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]. ‘8F chemistry typically replaces a
hydrogen or hydroxyl group with a 8F isotope and allows for a metabolite mimetic. In cases

where *®F cannot be used, other radiolabeled metabolites such as *'C and rarely 0 and **N can

6



be used [5, 13]. *C has a 20 minute half-life. In order to complete a synthesis and purification
with enough activity for imaging, the starting }'C activity will be much higher than 8F 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-(**F)fluoro-D-glucose ([*®F]-FDG): [®F]-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. [*®F]-FDG imaging has exploited this phenotype of cancer by using the accumulation
of [*®F]-FDG as a method of diagnosis, staging, and response to therapy [8]. Normal tissues with
a natural high glucose consumption will also accumulate [‘®F]-FDG including the heart and
brain. Most hematopoietic tissues have weak glucose accumulation at a basal resting state and
because of this ['®F]-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. [*®F]-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



engineered to express C/EBPa, causing cells to transdifferentiate towards a non-malignant
macrophage  phenotype. Total tumor burden after transplantation of parental or
transdifferentiated cells was assessed by ['®F]-FDG imagng. In animals receiving C/EBPa
expressing cells, a decreased tumor burden and reduction in [*3F]-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 [*®F]-FDG imaging for tracking total disease.

The relative accumulation of [*®F]-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 [*8F]-
FDG accumulation in specific organs in vivo [15] (Figure 2B). Although PTEN was activated
systemically in a clonal leukemia, the change in accumulation of [*®F]-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 [*®F]-FDG imaging.



The EAE model demonstrated that [*®F]-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 [*®F]-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 [®F]-FDG
signal was observed. The limitation with [*®F]-FDG was that disease could not be identified prior
to clinical manifestation. For autoimmune diseases, [*®F]-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 [*®F]-FDG scans. Mice treated with concanavalin A had a
significant increase in [*®F]-FDG accumulation within the spleen and liver while severe
combined immunodeficient (SCID) mice had no change between treatment and control [20]. The
enhanced [*®F]-FDG accumulation was due to the activation of T cells in the spleen and the
infilration of activated immune cells within the liver. SCID mice lack lymphocytes and [*®F]-
FDG accumulation was unchanged after concanavalin A treatment. Short-term experimental
models like this can help identify when [*3F]-FDG can be useful in monitoring multiple sites of

inflammation.

Cell proliferation by 3'deoxy-3'-[*®F]fluorothymidine ([*®F]-FLT) accumulation: [*®F]-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 [*®F]-FLT
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accumulation in normal tissue and in cancers such as lymphoma. Accumulation of [*®F]-FLT is
seen within the spleen and bone marrow in healthy animals identifying sites of high cellular
proliferation [23]. In lymphoma, the accumulation of [*®F]-FLT is increased due to a significant
increase in the percentage of replicating cells and in their division rate [23]. Accumulation of
[*®F]-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 [*®F]-FLT. Human
serum has thymidine at concentrations 100 times lower than mice [26]. The average [*®F]-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 [*3F]-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: [*®F]-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 [*®F]-FDG or [*8F]-FLT alone.

[*®F]-FAC (1-(2-deoxy-2'-[*®F]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 *®F radiochemistry [27]. [*8F]-FAC is a similar compound to dFdC

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

[*®F]-FAC had strong retention in the spleen, thymus, and bone marrow of wild type mice
[27]. A reduction in [*®F]-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 [*8F]-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 [*3F]-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 ['8F]-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 [*®F]-FAC with other lymphoid
cells accumulating [*®F]-FAC at lower rates. The authors found that the accumulation of [‘8F]-
FAC was correlated with proliferation, and activated CD8 cells have the highest percentage of
cells in S-G,-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]. [*®F]-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'-[*®F]fluoro-9-p-D-arabinofuranosylguanine  ([**F]JF-AraG): In a preliminary
study, a radiolabeled AraG was synthesized and incubated with primary, activated or
lymphoblastic T cells [30]. Accumulation of [*®F]F-AraG was increased in activated T cells and
in the leukemic cell line. Although animal studies using [‘®F]F-AraG are limited, the promising
preliminary data suggests that [*®F]F-AraG may be useful in detecting T cell malignancies in

VIVO.

2-[*8F]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-[*®F]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-['8F]fludarabine demonstrating the selectivity for lymphoid cells in vivo. The lack
of thymus signal and high accumulation in B cell lymphomas suggest that 2-[*®F]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 [*®F]-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
[*®F]-FAC [27]. Intratumor T cells have low accumulation of [*F]-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 Kkinetics 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].

®4Cu 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 ®*Cu-pyruvaldehyde-bis(N4-

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

%4Cu-PTSM acts as a lipophilic, redox-active transporter of Cu(ll) ions that passively

diffuses across the cell membrane and delivers copper into the cells. Once inside, the ®Cu and

14



PTSM complex can dissociate but the ®*Cu 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 ®*Cu-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 ®*Cu-PTSM on T cells in mouse models of T cell trafficking [34]. Isolated OVA Tyl
were labeled using an optimized method and tested for cell viability, IFN-y 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 (y-H2AX) was determined as a marker of
radiation-induced DNA double-strand breaks. Three hours after “Cu-PTSM labeling the relative
v-H2AX expression was approximately 9-fold higher than that of unlabeled OVA-Thl 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 ®*Cu-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 mulple 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-Cn3. The removal of the Cy2 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 1gG antibodies [47]. Nanobodies, which are natural
15kDa antibodies from camels [48]. Most recently, the use of the 10th type IIl 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 (Vun) 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 (*®F, ®%Ga) can be applied,
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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 B-sandwich, and has been
engineered for high binding affinity to many targets including the B cell marker CD20 [49]. The
FN3cp2o 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 '8F, ®4Cu, 8°zr, *®Ga, and
124 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 %“Cu

(12.7 hr), 89zr (78.4 hr), and 241 (100.2 hr)[41].

A simple and robust labeling method has used direct radioiodination of *2*I on antibodies,
minibodies and diabodies modifying the exposed tyrosine residues [41]. The limitation is if the

target is endocytosed then the 241 will efflux out of the cell and free *%*1 accumulates within the
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thyroid and stomach. Residualizing probes should be used instead to allow accumulation of
radioactivity such as ®4Cu, 82zr, or ®8Ga. 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-yllacetic 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 CDS8, in mouse strains such as
C57BI/6, but not in C3H. Radiolabeling of 2.43 by %“Cu-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 ®*Cu 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 naive 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 infiliration 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 ®*Cu-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. FN3cp2o is made and isolated from E. coli, and can
be lyophilized until needed. The ability to produce and store the FN3cpzo IS advantageous over
antibodies or antibody fragments which can be difficult to produce in large quantities, purify and
store. FN3cp2o Was labeled the same as ®*Cu-DOTA-Rituxumab, by ®*Cu bound to the DOTA
linker conjugated at a free lysine (Figure 7A) [49]. Using the transgenic mice expressing human
CD20, the ®*Cu-DOTA-FN3cpo 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 ®*Cu 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 ®*Cu-DOTA-Rituxumab. In
xenograft studies the ®*Cu-DOTA-FN3cpzo had the highest tumordiver ratio compared to the
antibody and a minibody (Figure 7B). The success with adapting the FN3cpzo 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 '®F 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 *®F isotope can allow for
faster scans with reduced radiotoxicity. As scientists design peptides with optimal blood half-life

and biodistribution, ®F 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 (**!1) and PET (**1, ®F)
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/Kn 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-[*®F]-fluoro-3
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hydroxymethyloutyl) guanine ([*®F]-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 ([**1]-
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 [***I]-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 [*®F]-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 (pomt mutations of R104M and D133A) when probed with 2'-
[*8F]-fluoro-2'-deoxyarabinofuranosyl-5-ethyluracil  ([\®F]-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
[*®F]-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 [*®F]-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 (WNET) was expressed as a PET reporter gene and detected by 124I-
metaiodobenzylguanidine ([*>*1]-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 10* 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 [*241]-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 Ky, 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 vyields. 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 gquantification 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 [®F]-FDG. A) Chemical
structure of [®F]-FDG. B) T-ALL mice intitated by ShRNA Pten silencing. Addition of Dox will
turn on Pten and reduce PI3K signaling. [*8F]-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) [*®F]-FDG in EAE mice. In mice
with clinical EAE scores an increase in [*2F]-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 ['®F]-FAC. A)

Gemcitabine (dFdC) and [*®F]-FAC chemical structure. B) [*®F]-FAC imaging of WT and dCK
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KO mice. (Adapted from Toy et al. 2010) C) [*®F]-FAC imaging of MSV development in wild-
type mice. Signal is observed in the: Thy- thymus, Sp-spleen, GI- gastrointestinal track, BI-
bladder, BM- bone marrow, DLN- draining lymph node, T- tumor. (Adapted from Nair-Gill et
al. 2010) D) [*H]-FAC uptake from sorted cells. Cells were fixed and stained with propidium
iodide. The percentage in S-G,-M was plotted against the accumulation of [*H]-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- CD11b"
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 [*H]-FAC accumulation and percent in S-G,-M was observed (r> = 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-['®F]fludarabine PET imaging. A) Chemical
structure  of 2-[*®F]fludarabine. B) Wild-type or SCID mice were scanned with 2-
[*®F]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 [**Cu]-PTSM. A) [**Cu]-PTSM bound and free

PTSM. B) Schematic of how [**Cu]-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 %*Cu-PTSM-labeled OVA-Thl 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 inJNM. Christoph M. Griessinger, et al. In Vivo
Tracking of Thl 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) ®*Cu-NOTA-2.43 Mb imaging of
mice. BI6 are Iyt 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 Iyt 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

Tavére et al. 2014)
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Figure 7: Targeting hCD20 with ®*Cu labeled proteins. A) Structure of the [**Cu]-DOTA-
FN3cp2o peptide used. B) Subcutaneous xenografts expressing hCD20 were detected by [**Cul]-
DOTA-FN3cpyo (left) or [**Cu]-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 [*2*I]JFIAU 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 ['®F]-FDG. A) Chemical
structure of [*8F]-FDG. B) T-ALL mice intitated by ShRNA Pten silencing. Addition of Dox will
turn on Pten and reduce PI3K signaling. [®F]-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) [‘®F]-FDG in EAE mice. In mice
with clinical EAE scores an increase in [\®F]-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 [*®F]-FAC. A)
Gemcitabine (dFdC) and [*8F]-FAC chemical structure. B) [*8F]-FAC imaging of WT and dCK
KO mice. (Adapted from Toy et al. 2010) C) [*®F]-FAC imaging of MSV development in wild-
type mice. Signal is observed in the: Thy- thymus, Sp-spleen, GI- gastrointestinal track, BI-
bladder, BM- bone marrow, DLN- draining lymph node, T- tumor. (Adapted from Nair-Gill et
al. 2010) D) [*H]-FAC uptake from sorted cells. Cells were fixed and stained with propidium
iodide. The percentage in S-G,-M was plotted against the accumulation of [*H]-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- CD11b"
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 [*H]-FAC accumulation and percent in S-G,-M was observed (r? = 0.68, P < 0.0001).
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(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-[‘®F]fludarabine PET imaging. A) Chemical
structure  of 2-[*®F]fludarabine. B) Wild-type or SCID mice were scanned with 2-

[*®F]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 [**Cu]-PTSM. A) [**Cu]-PTSM bound and free
PTSM. B) Schematic of how [**Cu]-PTSM labels cells ex vivo. (Adapted from Adonai et al.
2002 Copyright (2002) National Academy of Sciences, USA.) C) Different administration routes
of ®*Cu-PTSM-labeled OVA-Thl 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 Thl 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) ®*Cu-NOTA-2.43 Mb imaging of
mice. BI6 are Iyt 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 Iyt 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

Tavare et al. 2014)
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Figure 7: Targeting hCD20 with ®*Cu labeled proteins. A) Structure of the [**Cu]-DOTA-
FN3cpzo peptide used. B) Subcutaneous xenografts expressing hCD20 were detected by [**Cu]-
DOTA-FN3cpyo (left) or [**Cu]-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 [***IJFIAU 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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Abstract

Purpose: This study aims to use a simple, quantitative method to compare the
HSV1sr39TK/"®F-FHBG PET reporter gene/PET reporter probe (PRG/PRP) system with
PRGs derived from human nucleoside kinases.

Procedures: The same adenovirus vector is used to express alternative PRGs. Equal numbers
of vectors are injected intravenously into mice. After PRP imaging, quantitative hepatic PET
signals are normalized for transduction by measuring hepatic viral genomes.

Results: The same adenovirus vector was used to express equivalent amounts of HSV1sr39TK|,
mutant human thymidine kinase 2 (TK2-DM), and mutant human deoxycytidine kinase (dCK-
A100VTM) in mouse liver. HSV1sr39TK expression was measured with '®F-FHBG, TK2-DM
and dCK-A100VTM with '®F-L-FMAU. TK2-DM/'®F-L-FMAU and HSV1sr39TK/'®F-FHBG had
equivalent sensitivities; dCK-A100VTM/'®F-L-FMAU was twice as sensitive as HSV1sr39TK/'®
F-FHBG.

Conclusions: The human PRG/PRP sensitivities are comparable and/or better than
HSV1sr39TK/'® F-FHBG. However, for clinical use, identification of the best PRP substrate for
each enzyme, characterization of probe distribution, and consequences of overexpressing
nucleoside kinases must be evaluated.

Key words: PET reporter gene, PET reporter probe, Gene therapy, Cell therapy, Reporter gene,
Positron emission tomography, Adenovirus, Herpes Simplex Virus thymidine kinase, Deoxy-
cytidine kinase, Thymidine kinase 2

Introduction

Electronic supplementary material The online version of this article
(doi:10.1007/s11307-012-0596-5) contains supplementary material, which
is available to authorized users. B oth use of exogenous platforms (e.g., liposomes, nano-
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— particles, and viral vectors) to deliver therapeutic genes
Correspondence to; Harvey Herschman; e-mail: hherschman@mednet.ucla.edu and development of targeted cell therapies (e.g., modified T
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cells, embryonic stem cells, and induced pluripotent stem
cells) have advanced from preclinical development to
clinical trials and, in some cases, to standard of care for
therapy. As these new therapies are developed, monitoring
duration of their availability in wvivo and their targeting
selectivity, and correlating these parameters with treatment
outcomes is critical in their evaluation and adoption for
standard of care.

Incorporation of “reporter genes” which activities can be
examined noninvasively by whole-body imaging provides a
means to monitor both pharmacokinetics and targeting of
these new vector- and cell-based therapeutic agents. In
murine preclinical models, bioluminescence (e.g., alternative
luciferases as reporter genes and their substrates as reporter
probes) has provided convenient, inexpensive reporter gene—
reporter probe systems to noninvasively monitor therapeutic
gene delivery and cell-based therapies [1-4]. However,
reporter gene immunogenicity, tissue attenuation of the
signal, and lack of adequate resolution preclude biolumines-
cence imaging in most clinical contexts. For clinical
applications, the most common approach has been the use
of PET reporter genes (PRGs) which activities can be
monitored noninvasively by positron emission tomography
(PET) [5, 6].

Although PRGs that encode transporters, receptors, and
enzymes have been developed [5, 6], the most widely used
PRG is the Herpes Simplex Virus type 1 thymidine kinase
(HSV1-TK) gene. HSV1-TK can phosphorylate a variety of
nucleoside analogues, including anti-herpetic acycloguano-
sines. HSV1-TK mutants engineered to more effectively use
anti-herpetic drugs and to be less effective at phosphorylat-
ing endogenous thymidine have been developed as “suicide
genes” to kill cells that ectopically express these kinases.
Concurrently, positron-emitting derivatives of several acy-
cloguanosine HSV1-TK substrates have been developed as
probes for detecting HSV1-TK-based PRG expression. The
combination of the HSV1-sr39TK PRG and 9-[4-'*F-3
(hydroxymethyl) butyl]guanine ('"*F-FHBG) as its PET
reporter probe (PRP) is among the most widely used PRG/
PRP systems [6-10].

Despite their current utility, immunogenicity of HSV1-
TK and its derivatives limits in vivo persistence of cells
expressing these PRGs, and thus their utility in clinical
applications [7, 11]. Several laboratories are developing
PRGs from human genes to circumvent PRG immunogenic-
ity. Mutated versions of two human nucleoside kinases,
thymidine kinase 2 (TK2) and deoxycytidine kinase (dCK),
which utilize positron-emitting nucleoside analogues as
PRPs have been developed in anticipation of clinical use
[12-15].

As new PRG-PRP systems are described, it becomes
imperative to have reliable procedures to monitor their
relative specificities (the PRP should accumulate only in
cells expressing the PRG) and sensitivities (the ability to
generate quantifiable signals). The most common method of
evaluating PRG/PRP systems has been to express PRGs in

tumor cell lines, develop mouse xenografts, and image
transgene PRG activity. However, differences in expression
vectors (e.g., differing promoters and differing 3" and 5’
untranslated regions), differing integration sites and copy
numbers, differing rates of tumor growth, and distinctions in
tumor vascularization and other biological variables make it
difficult to compare such reports on relative efficacies of
alternative PRP/PRG technologies.

We previously described the use of a common adenovirus
delivery vector and a common gene expression construct to
compare in vivo efficacy of alternative luciferase reporter
genes for noninvasive imaging [16]. Postimaging measure-
ment of hepatic viral genomes and subsequent normalization
of imaging data for the hepatic reporter gene copy number
eliminates any differences imposed by variations in reporter
gene delivery. This assay eliminates inconsistencies due to
differences in vector construction, reporter gene copy
number, integration site modulation of gene expression
(adenovirus genomes do not integrate into chromosomal
sites), and differential vascularity of the target. Only the
reporter gene and reporter probe differ in this procedure.

Qur goal in establishing this procedure was to provide a
common platform to evaluate reporter gene efficacy across
imaging modalities. In this report, we demonstrate the utility
of this procedure for evaluating differences in PRG/PRP
efficacies by comparing the sensitivities of a mutated human
TK2 PRG (TK2-N93D/L109F) [13] and a mutated human
dCK PRG (dCK-A100V/R104M/DI33A) [15, 17,
McCracken et al., in preparation] to one another, using the
same PRP, 2'-deoxy-2-'*F-5-methyl-1-B-L-arabinofuranosy-
luracil ("®F-L-FMAU) [13], and to the commonly used
HSV1-sr39TK/'*F-FHBG PRG/PRP reporter system.

Materials and Methods
Adenovirus Vector Construction

Plasmids and adenoviral vectors are listed in Table 1; all primers
are listed in Table 2. Adenovirus vectors expressing alternative
PRG were constructed as described previously [16] and in the
Supplemental Material for this report. Although these reporter
genes have been used, in some cases, to create adenovirus vectors
previously (e.g., LUC2 and HSV1sr39TK), we have renamed the
viruses created here as Ad.HL viruses to facilitate the use of these
viruses as proper control and comparison viruses by other
laboratories in future studies.

Adenovirus Vector Propagation and Titration

Adenovirus vectors were propagated on HEK293A cells using
standard procedures [16, 17] and ftitrated on HeLa cells for to
determine infectious genomes [16, 17]. Procedures have been
described in detail in our comparisons of luciferase reporter genes
[16] and are also described in the Supplemental Material.
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Table 1. Plasmids and adenoviral vectors used in this study

Plasmid or virus Description or relevant characteristics Source

Plasmids
pMSCV-sr39TK-IRES-YFP HSV sr39TK containing retroviral plasmid Radu Lab
pMSCV-TK2 Truncated human TK2 containing retroviral plasmid Radu Lab
pMSCV-TK2-N39D/L109F Human TK2-N93D/L109F containing plasmid [13]
pMSCV hudCK WT optimized IRES-YFP Human wild type dCK containing retroviral plasmid Witte Lab
pMSCV hudCK DM optimized IRES-YFP Human dCK double mutant containing retroviral plasmid Witte lab
pMSCV hudCK TM optimized IRES-YFP Human dCK triple mutant containing retroviral plasmid Witte lab
pENTR4D Gateway™ shuttle vector Invitrogen
pAd/CMV/V5-DEST Gateway™ destination adenoviral vector Invitrogen
pENTRHM PENTR4D with Cm® and cedB genes replaced by a synthetic multiple cloning site [16]
pENTRHM-LUC2 pENTRHM containing Luc2 gene [16]
pENTRHM-TK2 pENTRHM containing TK2 soluble mutant gene This study
pENTRHM-TK2-N93D-L109F pENTRHM containing TK2-N93D-L109F mutant gene This study
pENTRIG-dCK-WT pENTRHM containing dCK wild type gene This study
pENTRIG-dCK-DM pENTRHM containing dCK-R104M/D133A double mutant gene This study
pENTRHM-dCK-TM pENTRHM containing dCK-A100V/R104M/D133A triple mutant gene This study
pAdHM-LUC2 pAd/CMV/VS/DEST vector after recombination with pENTRHM-FLUC [16]
pAdHM-TK2 pAd/CMV/VS/DEST vector after recombination with pENTRHM-TK2 This study
pAdHM-TK2-N93D-L109F pAd/CMV/VS/DEST vector after recombination with pENTRHM-TK2-N93D-L109F This study
pAdJG-dCK-WT pAd/CMV/V5/DEST vector after recombination with pENTRIG-dCK-WT This study
pAdJG-dCK-DM pAd/CMV/V5/DEST vector after recombination with pENTRJIG-dCK-DM This study
AdHM-dCK-TM pAd/CMV/VS/DEST vector after recombination with pENTRHM-dCK-TRP This study

Adenovirus
AdHM.LUC?2 (referred to Human adenovirus type 5 (AdS) from Gateway System™ expressing [16]
here as Ad.HL.Luc2) Luc2 from a CMV promoter
Ad.HL.TK2 AdS5 expressing TK2 cytoplasmic mutant from a CMV promoter This study
Ad.HL.TK2-DM AdS expressing TK2-N93D/L109F mutant from a CMV promoter This study
Ad.HL.dCK-WT AdS5 expressing dCK wild type from a CMV promoter This study
Ad.HL.dCK-DM AdS5 expressing dCK-R104/D133A double mutant from a CMV promoter This study
Ad.HL.dCK-A100VTM AdS cxpressing dCK-AT00V/R104M/D133A triple mutant from a CMV promoter This study

In Vivo Studies

PET Reporter Probe Synthesis

'"F-FHBG and '®F-L-FMAU syntheses were performed as previ-
ously described [9, 13], at the cyclotron facilities in the UCLA
Crump Institute for Molecular Imaging and the UCLA Ahmanson
Translational Imaging Division.

Table 2. Primers used in this study

Female hairless SKH1 mice (Charles River, San Diego, CA, USA)
were housed in accordance with the UCLA Division of Laboratory
Animal Medicine guidelines. Mice between 10 and 16 weeks were
used for all experiments. An optimal imaging time of 3-5 days after

Primer sequence Description Source
Fwd: TCGACCAAGCTTTCGGTACCAGCCCGG Multiple cloning sites for pENTR4D: [16]

GAGAGCTCAAGGATCCAAG Sall-Hindll1-Kpnl-Smal-Sacl-BamHI-EcoR1
Rev: AATTCTTGGATCCTTGAGCTCTCCCGGGC

TGGTACCGAAAGCTTGG
Fwd: TCGACCAAGCTTGCCACCATGCCCACGCTACTGCGGGT sr39TK from pMSCV-sr39TK-IRES-YFP. This study
Rev: TCTAGATATCTCGAGTTATCAGTTAGCCTCCCCCATCT Hindlll/Xhol directional cloning
Fwd: TCGACCAAGCTTGCCACCATGTCAGTGATCTGTGTCGA TK2 and TK2-N93D/L109F from pMSCV-TK2 This study
Rev: TCTAGATATCTCGAGTTACTATGGGCAATGCTTCCGAT and pMSCV-TK2-N93D/L109F, respectively.

HindIll/Xhol dircctional cloning

Fwd: AGTCGACCAAGCTTGCCACCATGGCTACTCCTCCTAAACG dCK-WT, dCK-DM, and dCK-TM from This study
Rev: TGGGTCTAGATATCTCGAGTTATCAAAGTGT pMSCV-hudCK-triple mutant-IRES-YFP.

TGACAGAAATTCC Hindl1l/Xhol dircctional cloning
Fwd: TAAAGCTTAGCGACGATGGCCTCCAAG RLuc8.6-535 from pRV2011. HindIll/Xhol This study
Rev: TTCTCGAGCTACTGTTCGTTCTTCAGC directional cloning
Fwd: ACTTAAGCTTGCCACCATGGAAGATGCCAAAAACATT Luc2 from pGL4.13. Hindlll/Xhol dircctional cloning This study
Rev: AACTCGAGAATTATTACACGGCGATCTTGC
Fwd: ACTTAAGCTTGCCACCATGGCTTCCAAGGTGTACGAC hRLuc from phRL-TK. HindlIIl/Xhol directional cloning This study
Rev: AACTCGAGAATTATTACTGCTCGTTCTTCAGCAC
Fwd: CAAGGGTTGAGTACTTGTTTAGGGTTA TaqMan qPCR primer against mouse Oct4 promoter region [16]
Rev: GGTGGGTAGAGAGAAGAAATATCTGACT
Probe: TAMRA-AGGACAATGGCCTTGGCTGGACAA-BHQ2A
Fwd: TTGTGGTTCTTGCAGATATGGC TagMan qPCR primer against adenovirus type S pX gene [17]

Rev: TCGGAATCCCGGCACC
Probe: FAM-CTCACCTGCCGCCTCCGTTTCC-TAMRA
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Ad.HL.Luc2 vector tail vein injection was determined (Supple-
mental Fig. 1).

Titration studies to optimize numbers of viral particles per mouse
were performed by injecting 1%10'%, 3x10'°, or 1x 10" infectious
genome units (IGUs) of Ad.HL.HSV 1sr39TK. Three days after vector
injection, mice were injected via tail vein with "*F-FHBG (200 uCi).
Three hours after tracer injection, mice were anesthetized (2 %
isoflurane) and subjected to microPET/CT scanning (Inveon, Siemens
Medical Solutions USA Inc.; MicroCAT, Imtek Inc.) [13]. This time
was chosen because it is optimal for imaging the TK2DM/'¥F-L-
FMAU PRG/PRP imaging combination in mice [13].

To compare the efficacy of the PRG, groups of three animals
were cach injected via the tail vein with 5x 10" IGU of the various
adenovirus vectors. Four days after injection, mice that received
either no vector or mice that received Ad.HL.Luc2, Ad.HL.dCK-
WT, Ad.HL.dCK-R104M/D133A (referred to as Ad.HL.dCK-DM),
Ad.HL.dCK-A100V/R104M/D133A (referred to as Ad.HL.dCK-
A100VTM), Ad.HL.TK2, or Ad. HL.TK2-N93D/L109F (referred to
as Ad.HL.TK2-DM) were imaged with ®F.L-FMAU (200 uCi).
Mice receiving Ad.HL.Luc2, Ad.HL.HSVIsr39TK, or no adenovi-
rus vector were imaged with '*F-FHBG. The dCK mutant PRG
expressed in Ad.HL.dCK-A100VTM (cloned and codon-optimized
by us; McCracken et al; in preparation) is distinguished from
another dCK triple mutant of the dCK gene, dCK-S74E/R104M/
DI133A (dCK-S74ETM), described by Likar et al. [12].

Mice injected with Ad.HL.Luc2 and imaged with '“F-FHBG
were used to determine background values for mice injected with
Ad.HL5sr39TK and imaged with "F-FHBG; additional mice
injected with Ad.HL.Luc2 and imaged with '®F-L-FMAU were
used to determine background values for mice injected with all
other PRG adenovirus vectors and imaged with " F-L-FMAU.

To quantify PET data, four identical 2-mm Regions of Interest
(ROIs) were drawn within the liver for each mouse. The average PET
signal in percentage of injected dose per gram (%ID/g) was determined
for each mouse from these ROIs. For each mouse, a corrected
percentage of injected dose per gram for the experimental PRG/PRP
imaging pair was obtained by subtracting the average percentage of
injected dose per gram from mice injected with Ad.HL.Luc2 and
subsequently imaged with the appropriate PRP, i.e., "*F-FHBG or '*
F-L-FMAU. We did not use an ROI that covers the entire liver region
because the gall bladder gives variable, nonspecific signals, both for
alternative PRPs for nucleoside kinases and from mouse-to-mouse
under common conditions.

After imaging, the mice were euthanized, the livers were
removed, and triplicate liver samples were used for adenovirus
vector and mouse genomic DNA analyses. DNA was isolated from
liver samples using the DNeasy protocol (Qiagen, Thousand Oaks,
CA, USA), adenoviral DNA and murine genomes were determined
as described previously [16, 18], and as summarized in the
Supplemental Material.

Statistical Analyses

Graph production and analysis were performed with GraphPad Prism
software, version 5. Multiple group (N equal to or greater than three)
comparisons were analyzed using a one-way ANOVA test. When
samples were statistically significant (£<0.05) a further comparison
between two sample sets were done independently using the Student's
unpaired f test. Graphs displayed contain Student's ¢ test P values,

Results

Creation and Production of Adenovirus PRG
Vectors

Comparisons between reporter genes are often confounded
by differences in vector structure, e.g., different promoters,
alternative 5' and/or 3" untranslated regions, and/or distinct
polyadenylation signals. We mitigated these issues by using
a single vector design for all PRGs. Each reporter gene was
cloned into the same shuttle or “entry” vector, utilizing the
commercially available Gateway System [16] and employ-
ing PCR primers with HindIII/Xhol restriction sites. Each of
these entry vectors was used to insert the reporter gene, via
Gateway cloning, into the viral pAd/CMV/V5-DEST vector
(Fig. 1). This highly efficient and simple cloning procedure
ensures that each adenovirus PRG vector is identical, with
the exception of the reporter gene. Other researchers can
easily create identical vectors, with the exception of their
new reporter genes, and can evaluate their new reporter
genes by direct comparison with our vectors as controls.

After conversion of the recombinant plasmid into a viral
vector, amplification through serial rounds of infection,
purification, and sequencing, the adenovirus vector stocks
were titrated in culture for IGUs (Fig. 2), as described in
“Materials and Methods™ and in the Supplemental Material.
Vector concentrations, in infectious genome unit per
milliliter £ SEM (Fig. 2), were: Ad.HL.Luc2, 1.27+0.15x
10", AAHL.sr39TK; 9.7+0.40%10""; AdHL.TK2, 5.61+
0.49x10'""; Ad.HL.TK2-DM, 3.69+0.51x10"";
Ad.HL.ACK-WT, 2.25+0.50%10'"; and Ad.HL.dCK-
A100VTM, 1.21+0.24x10"",

Optimal Time and Viral Titer for Imaging Hepatic
PRG Expression after Intravenous Adenovirus
Administration

To determine the optimal time between adenoviral reporter
gene administration and injection of the reporter probe
imaging agent, we performed a time course with the
AdHL.Luc2/luciferin reporter gene/reporter probe system.
Repeated daily luciferin imaging of SKHI mice that
received Ad.HL.Luc2 (5% 10" IGU/mouse) indicated an
optimal imaging window 3-5 days after adenovirus vector
injection (Supplemental Material, and Supplemental Fig. 1).

Because PRP retention is dependent on the dose of
adenovirus PRG vector administration [19], we first used the
AdHL.sr39TK/'"*F-FHBG PRG/PRP system to identify an
Ad.HL.PRG dose for this vector that would be appropriate
for comparison with other PRG/PRP combinations. Female
SKHI mice were injected intravenously with 1x10", 3x
10", or 1x10'"°IGU of Ad.HL.sr39TK or an Ad.HL.Luc2
control vector (3x10'"IGU). Three days later, mice were
imaged with '""F-FHBG (Fig. 3).

A common vector titer of 5% 10'°IGU, in the midrange of
the dose—response relationship, was chosen for comparison
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Fig. 1. Cloning and production of adenovirus vectors. Ade-
novirus vectors containing coding regions for TK2, TK2-DM,
dCK-WT, dCK-DM, dCK-A100VTM, HSV1sr39TK (as a refer-
ence standard), and Luc2 as a negative control were con-
structed using Invitrogen's Gateway® Cloning System. The
open reading frame of each reporter was inserted into an “entry”
vector to create the pENTR-PRG plasmids and then transferred
to the pAd/CMV//S/DEST vector using the LR recombination
reaction to create the seven pAd vectors. The adenoviral
plasmids were linearized by Pacl restriction enzyme digestion,
purified, and transformed into HEK293A cells for vector rescue.
After 100 % cytopathic effect was observed, lysates were
serially passaged on increasing numbers of HEK293A cells with
each round of infection until sufficient vector was produced,
following cesium chloride buoyant density ultracentrifugation
and purification for in vivo studies. Sites labeled attR1/attR2/
attL1/attL2 are the initial recombination regions; attB1/attB2 are
the recombination regions after the LR recombination reaction.
Cm" chloramphenicol resistance gene, Km'™? kanamycin resis-
tance gene, Ap” ampicillin resistance gene, ccdB the coding
region for the cytotoxic protein CcdB used as a negative-
selection marker in recombined clones, Peyy CMV promoter,
TKpA thymidine kinase polyadenylation signal, 5’ /TR the viral
5'-inverted terminal repeats, wt Ad5 (DE3) Ad5 sequences that
include a 3' ITR and packaging signal.
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Fig. 2. Viral titers, measured as infectious genome units for
the adenovirus vectors. IGU values for the seven adenovirus
vector preparations were determined following Hela cell
transduction. Nuclei were harvested 3 h after vector addition.
Vector genomes were measured by quantitative PCR as
described in “Materials and Methods”. Data are means + SEM
of duplicate gPCR assays for duplicate transductions.

of the various PRG/PRP systems. In this way, both greater
and lesser efficacies relative to Ad.HL.sr39TK/"*F-FHBG
for the alternative human-derived PRG/PRP systems could
be evaluated.

Hepatic Efficacy of the Alternative Adenoviral
PRG/PRP Noninvasive Imaging Systems

Three mice in each alternative adenoviral PRG vector
experimental group and two mice in cach Ad.HL.Luc2
control group were injected intravenously with the
appropriate adenovirus vector (5% 10'"IGU/mouse). Four
days after adenovirus injection, the mice received either
BE.L-FMAU (200 uCi) or "F-FHBG (200 uCi), as
appropriate. Three hours later, the mice were anesthe-
tized and subjected to PET/CT imaging (Fig. 4a). The
following day, mice were euthanized and livers were
removed, DNA was purified from liver samples, and
DNA content was analyzed for viral and mouse genomes
to normalize the imaging data for the number of viral
genomes present in the livers. The numbers of vector
genomes per liver cell, =SEM, were Ad.HL.Luc2, 78+
2.5; Ad.HL.sr39TK, 104+18; Ad.HL.TK2, 87+14;
AdHL.TK2-DM, 7449.5; Ad.HL.dCK-WT, 4341.5; and
Ad.HL.dCK-A100VTM, 85+7.8 (Fig. 4b).
PRG-dependent PRP hepatic retention was determined by
choosing four identical 2-mm ROIs over the liver of each
mouse and determining the percentage of injected dose per
gram. To determine the PRG-dependent PRP retention, the



1x10" IGU  3x10™ IGU

Fig. 3. Titration of Ad.HL.sr39TK for microPET/microCT quantification. a Two mice per group were injected intravenously with
10", 3%10"°, or 10"°IGU of Ad.HL.sr39TK or with 3x10'°IGU of Ad.HL.Luc2. After 3 days, mice were injected with '®F-FHBG
(200 pCi) and subjected to microPET/microCT imaging. b 2-mm ROIls were drawn within the liver of each mouse and used to
determine average %ID/g per liver. Data are means + SEM.

background hepatic signal (determined from mice injected
with Ad.HL.Luc2 and the appropriate PRP) was subtracted.
Percentage of injected dose per gram values, corrected for
PRP background, but not corrected for differences in the
numbers of PRGs delivered to the livers of each mouse,
were Ad.HL.sr39TK, 6.79+0.55; Ad.HL.TK2, 0.31+0.09;
Ad.HL.TK2-DM, 5.02+1.13; Ad.HL.dCK-WT, 0.15+0.03;
and Ad.HL.dACK-A100VTM, 11.43+0.89 (Fig. 4c¢, values
are means + SEMSs).

To eliminate the variability caused by differences in the
number of PRGs present in the liver of each mouse, the [%lD/
g-bkg] was normalized to vector transduction. Results for the
alternative PRG vectors were then compared to the
Ad.HL.sr39TK/"*F-FHBG standard. Normalized activities
(Fig. 4d) were Ad.HL.sr39TK, 100+19 %; Ad.HL.TK2,
5.0+1.2 %; Ad.HL.TK2-DM, 107+32 %; Ad.HL.dCK-
WT, 5.0£0.6 %; and Ad.HL.dCK-A100VTM, 197+23 %.
Normalized PRG/PRP signal showed no significant difference
between the commonly used HSV1sr39TK/"*F-FHBG PRG/
PRP imaging system and the mutant human thymidine kinase 2
(TK2-DM)/"*F-L-FMAU imaging system by Student's ¢ test
(p=0.86) In contrast, a significant (p=0.03) difference between
the HSV 1sr39TK/"*F-FHBG and mutant human deoxycyti-
dine kinase (dCK-A100VTM)/"*F-L-FMAU PRG/PRP com-
binations was observed. Although a difference in the TK2-DM/
"F-L-FMAU and dCK-A100VTM/""F-L-FMAU imaging
systems did not reach significance (p=0.08), there appears to
be a trend in that direction.

We also compared the efficacy of the dCK-DM
reporter gene described by Likar er al. [13] with the
dCK-A100VTM reporter gene, which has an additional
amino acid substitution that was speculated to improve
its utility as a PRG [20], using Ad.HL.dCK-DM and
Ad.HL.AdCKA100VTM adenovirus vectors. However, in
this assay, we could not observe a statistically significant
difference in the efficacy of dCK-DM and dCK-
A100VTM using '*F-L-FMAU as a common PRP
(described in the Supplemental Materials and Supple-
mental Fig. 2).

o

%IDIg in Liver

Luc control

IGU injected

Discussion

As the use of therapeutic gene delivery vectors and targeted
cell therapies expands into clinical applications, the need to
repeatedly, noninvasively, and quantitatively monitor the
duration of their bioavailability, the specificity of their
targeting, and their longevity at target sites becomes of

Fig. 4. TK2 and dCK PRG efficacies with L-FMAU as the p
PRP. a Three mice for each adenovirus vector were injected
with 5x10"°IGU of Ad.HL.TK2, Ad.HL.TK2-DM, Ad.HL.dCK-
WT, Ad.HL.dCK-A100VTM, Ad.HL.sr39TK (as reference stan-
dard), or Ad.HL.Luc2 (as negative control). Four days later
mice were injected with 200 uCi "®F-FHBG (Ad.HL.sr39TK) or
200 pCi '"®F-L-FMAU (Ad.HL.TK2, Ad.HL.TK2-DM,
Ad.HL.dCK-WT, Ad.HL.dCK-A100VTM, Ad.HL.Luc2) and
subjected to microPET/microCT imaging. b One day after
imaging, mice were sacrificed. Viral and liver genomes were
measured in liver exiracts to determine numbers of viral
vectors in the livers. Each point is the mean of three liver
samples per mouse. ¢ Four identical ROIs were drawn within
the liver of each mouse and used to determine the %ID/g for
liver. Values were then corrected by subtracting ROI values
determined for the mice injected with Ad.HL.Luc2 virus and
imaged with the appropriate PRP (negative control, bkg). An
asterisk indicates statistically significant differences (p>0.05);
individual p values follow: FHBG sr39TK vs. TK2-DM, p=
0.23. FHBG sr39TK vs. dCK-A100VTM, p=0.01. TK2-DM vs.
dCK-A100VTM, p=0.01. d The [%IDg-bkg] in liver for each
adenovirus vector (from ¢) was normalized for the number of
viral genomes per liver (from b). To compare the efficacies of
the experimental TK2, TK2-DM, dCK-WT, and dCK-
A100VTM/"®F-L-FMAU PRG/PRP noninvasive imaging sys-
tems with the efficacy of the HSV1sr39TK/'®F-FHBG PRG/
PRP system, the values for the experimental systems using
'8F-L-FMAU as the PRP are expressed as a percentage of
the HSV1sr39TK/'®F-FHBG PRG/PRP system. An asterisk
indicates statistically significant differences (p>0.05); individ-
ual p values follow: FHBG sr39TK vs. TK2-DM, p=0.86. TK2-
DM vs. dCK-A100VTM, p=0.08. FHBG sr39TK vs. dCK-
A100VTM, p=0.03. Data for b, ¢, and d are means + SEM.
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increasingly greater importance in evaluating their relative
therapeutic efficacies. As new reporter gene/reporter probe
imaging systems are developed, a robust, quantifiable means
for their evaluation becomes essential. The procedure we
developed eliminates all variables except the reporter gene
and the reporter probe, restricting comparisons to a single,
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similarly vascularized organ and permitting postimaging
normalization for the number of reporter genomes [16].
HSVI1-TK and its mutated derivatives have become the
de facto “gold standard” PRGs for PRG/PRP analysis in
“translational” preclinical models and in clinical trials.
However, because of the immunogenicity of HSVI-TK



and its derivatives, several groups have developed mutated
human nucleoside kinases as PRGs. The “ideal” mutated
nucleoside kinase PRG would (1) not be immunogenic in
patients, (2) use as its PRP substrate a positron-emitting
nucleoside analogue unable to be phosphorylated by the
endogenous enzyme, and (3) be unable to phosphorylate the
endogenous substrate.

To date, several mutant human nucleoside kinase PRG/
PRP noninvasive imaging systems have been described.
Two PRG studies have been published utilizing 2'-deoxy-2-
'8 F-5-methyl-1-B-L-arabinofuranosyluracil (‘**F-FEAU) as
the PRP; the first used a truncated human 7K2 gene as a
PRG [21], while the second used a human dCK double
mutant (dCK-R104M/D133A) [12]. More recently, two
additional studies have used '*F-FMAU as a PRP; one of
these studies used a TK2 double mutant as the PRP [13] and
the second used a dCK triple mutant (dCK-A100VTM)
[McCracken et al., in preparation].

To begin the comparison of alternative PRG/PRP
imaging combinations, using the rigorous system developed
previously [16], we compared the efficacies of the TK2-DM
and dCK-A100VTM PRGs, using the common PRP '*F-L-
FMAU, to the efficacy of the HSV1sr39TK/'"*F-FHBG
PRG/PRP imaging combination. Our data suggest that in
the adenovirus/hepatic mouse model system we developed,
the TK2-DM/'"*F-L-FMAU PRG/PRP combination is as
effective as the HSVI1sr39TK/'*F-FHBG combination,
while the dCK-A100VTM/"*F-L-FMAU PRG/PRP combi-
nation has a significant advantage over the HSV1sr39TK/'®
F-FHBG combination (Fig. 4).

As we developed this comparative analytical system for
PRG/PRP imaging combinations, it became apparent that there
are a number of additional constraints, considerations, and
pitfalls to take into account in comparing alternative PRG/PRP
systems. We compared two reporter genes (7K2-DM and dCK-
A100VTM) both to one another, using a common PRP (**F-L-
FMAU), and to a distinct PRG/PRP imaging system
(HSV1sr39TK/'®F-FHBG). While all three PRGs are
expressed from the same expression vector and the transgene
PRG copy numbers can be determined after imaging, thus
assuring that the imaging results can be normalized for levels of
PRG expression, we do not know if the two "SE_PRPs are
present in adequate levels in the liver for comparable use as
substrates. While the efficacy comparisons of TK2-DM/'*F-L-
FMAU and dCK-A100VTM/"*F-L-FMAU in the liver are
controlled for essentially all variables, it is quite possible that
the relative availabilities of the '"*F-FHBG and '®F-L-FMAU
PRP substrates may be quite different in the liver for these
alternative PRGs. Thus, substrate availability, and not PRG
expression, may be limiting, perhaps in a tissue-specific
fashion, for PRP/PRG reporter systems. In preclinical reporter
gene/reporter probe systems, this is perhaps most graphically
illustrated by the firefly luciferase/luciferin system; no matter
what the level of luciferase expression, no image can be
detected in the brain—luciferin cannot penetrate the blood—
brain barrier.

A second pitfall for translation from preclinical to clinical
applicability for PRG/PRP imaging systems in patients lies in
differences between mice (and other species used in preclinical
analyses) and humans for PRP biodistribution. '*F-L-FMAU
biodistribution in mice, using a xenograft tumor model,
showed no significant probe retention in tissues other than
tumor, with variable signal in intestine. Indeed, in mice, the
nonspecific probe retention for '*F-L-FMAU was less than that
observed for '*F-FHBG [13, 22]. However, in distribution
studies in humans, extensive hepatic "¥F-L-FMAU retention
was observed [13], suggesting that the clinical use of either the
TK2-DM/'*F-L-FMAU PRG/PRP reporter system or the
dCK-A100VTM/"*F-L-FMAU PRG/PRP monitoring system
in patients will be restricted to extrahepatic applications.

In developing the dCK-DM PRG, Likar et al. [12] used
"E-FEAU as the PRP and compared the efficacy of the
dCK-DM/'"®F-FEAU imaging combination to the
HSVIR176Qsr39TK/"*F-FHBG combination. Their study
used transduced xenograft tumors for comparison. The
difficulties in trying to compare and evaluate alternative
PRG/PRP reporter systems from various laboratories are
illustrated by trying to evaluate prior studies by Likar er al.
[12] of their dCK-based PRG with those of the TK2-based
PRG by Campbell et al. [13]; these reports used different
vectors, different transduced tumor cells, different xenograft
conditions likely to lead to distinct target sizes and variable
vascularization, and distinct PRPs. Using a rigorous protocol
that equalizes many of these conditions in preclinical studies
will help to make the pursuit of clinically useful systems
more effective. For example, by comparing alternative
substrates (e.g., "E.FEAU and '"*F-L-FMAU) in this
adenovirus-based model and evaluating the biodistribution
of the two PRPs, a definitive comparison of the two
presumably nonimmunogenic PRGs (TK2-DM and dCK-
A100VTM) and the two alternative PRPs (‘*F-FEAU and '®
F-L-FMAU) could be performed.

Differences in biodistribution for potential PRPs between
mouse and human, or between human and any other species,
presents an often unanticipated but significant barrier in
PRP/PRG imaging system development. '$F-L-FMAU is a
case in point; its pristine lack of retention in mice is,
unfortunately, not reflected in human studies [13]. As a
result, we are adopting a new “reverse” approach to the
development of PRG/PRP imaging systems. Alternative
positron-emitting nucleoside analogues are synthesized, and
biodistribution studies are carried out in volunteers to
identify potential PRPs with optimal biodistribution charac-
teristics [23]. After identification of potential PRPs with
appropriate biodistribution properties, modifications of nu-
cleoside kinases are made and in vitro analyses of their
ability to phosphorylate both the modified and the endoge-
nous substrates are evaluated to identify mutant PRGs that
can phosphorylate the potential PRP and have reduced
kinase activity on the endogenous substrate.

Reducing the ability of the mutated nucleotide kinase
PRG to utilize the endogenous substrate may appear to be
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simply a bonus because it will effectively increase the
specific activity in vivo of the PRG for the PRP; the “cold”
endogenously produced compound will no longer compete
with the positron-emitting PRP for the mutated PRG nucleo-
tide kinase. However, there is another important potential value
in reducing/eliminating PRG kinase activity for the endoge-
nous substrate. While the PRPs are present in tracer, non-
physiological amounts and will have no biological effect, high
PRG levels, if active on an endogenous substrate, might
drastically modify nucleoside/nucleotide pools in target cells
and, as a result, have profound biological consequences. In
principle, the “ideal” PRG kinase would be orthogonal to the
native enzyme, able to phosphorylate the positron-emitting
PRP and unable to phosphorylate the endogenous substrate (or
any other cellular component).

It is clear that reporter probe biodistribution, duration of
availability, and clearance from tissues will present problems
that must be overcome in optimizing noninvasive reporter
gene/reporter probe combinations. Similarly, optimizing
reporter gene delivery, bioavailability, and expression are
among the many factors that must also be considered in
developing optimal clinical reporter gene/reporter probe
combinations for patient applications, whether the analysis
be PET, SPECT, MRI, ultrasound, etc. We anticipate that
using rigorously controlled experimental methodologies, like
the one used here, will be required to bring the best methods
for reporter gene/reporter probe imaging to the clinic as
rapidly and cost-effectively as possible.
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Supplemental Methods
Adenovirus vectors
Adenovirus vectors were constructed using the Gateway System (Invitrogen, Carlsbad,
CA), with the pENTR shuttle vectors [1] containing each of the reporter genes,
recombined into the adenoviral plasmid vector, pAd/CMV/V5-DEST using LR
recombination. Vector construction is diagramed in Fig. 1 of the main text. All reporter
gene coding regions were amplified using Phusion DNA polymerase (Finnzymes/New
England Biolabs), according to the manufacturer’s instructions. The luciferase 2 (Luc2)
as a vector control was amplified from pGL4.13 (Promega, Madison, WI) as previously
described [1]. These constructs were then recombined with pAd/CMV//5-DEST, using
LR Clonase Il (Invitrogen), according to the manufacturer's protocol, to generate the
pAd plasmids.

To generate adenovirus vectors, plasmid DNA for each construct was digested

for 2 hours at 37°C with Pacl, then purified with PCR Cleanup (Invitrogen, Carlsbad,
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CA). 1.6 ug DNA was used to transfect HEK293A cells seeded on 12-well cell culture
plates, using Lipofectamine 2000 (Invitrogen). After 10 days, cells from wells showing
100% cytopathic effect (CPE) were collected by scraping, the entire well contents (1
mL) were transferred to screw cap tubes, and the cells and debris were subjected to
three cycles of freezelthaws for lysis. The suspension was centrifuged, and the
supernatant was used to propagate the adenovirus vectors in fresh HEK293A cells.
Propagation of Adenovirus vectors expressing the PET reporter genes
90% confluent 10cm tissue culture dishes of HEK293A cells were infected with
adenovirus vector containing supernatant, incubated for 2 to 3 days until complete CPE
was evident. Cells were collected by scraping, lysed with 3 rounds of freeze/thaw and
followed by centrifugation. One more round of infection with the supernatant was
performed onto two 500 cm? tissue culture plates of 90% confluent HEK293A cells.
After 2 to 3 days, with cells showing 100% CPE, plates were collected, and cells were
pelleted in 5% original volume, followed by lysis using deoxycholate (0.5% final
concentration). After a clarification centrifugation, supernatants were loaded onto a 50
mM Tris-HCI pH 8.0 cesium chloride buoyant density step gradients with 1.35 g/mL and
1.25 g/mL densities. Bands were consolidated, and density and volume were adjusted
to 1.33 g/mL for linear gradient ultracentrifugation. Purified adenovirus vector was
dialyzed against a 3% sucrose storage buffer and snap frozen in aliquots in liquid
nitrogen for storage.
Titration of Adenovirus vectors, using the Infectious Genome protocol [1, 2]

Adherent Hela cells (American Type Culture Collection, Manassas, VA) were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal

bovine serum, penicillin (100 U/mL) and streptomycin (100 pg/mL). Cells were seeded
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at 1:2 dilutions onto 6-well tissue culture plates one day prior to adenovirus vector
infection. Wells were infected with the adenovirus vectors by aspirating media, and cells
were infected with vector diluted in 0.25 mL DMEM.

HelLa cells were infected for three hours, then washed twice with PBS. Nuclei
were isolated using an NP-40 lysis protocol (10 minutes at room temperature) in 0.65%
NP-40, 150 mM NaCl, 10 mM Tris-HCI pH 8.0, 1.5 mM MgCl,, followed by pelleting
nuclei and removing supernatant). DNA was purified using the DNeasy Blood & Tissue
kit (Qiagen, Valencia, CA) and subjected to TagMan quantitative real-time PCR (Applied
Biosystems, Foster City, CA). Primers and probe specific for the adenoviral pX protein
gene were used for absolute quantification, using a plasmid standard with known copy
number. The numbers of Infectious Genome Units (IGUs) are determined by comparing
the amount of PCR product from the nuclear extracts, normalized to one copy of the
amplification region in the plasmid standard.
Measurement of adenovirus DNA and murine genomic DNA in liver extracts

TagMan PCR based absolute quantification for vector genomes and liver cell
genomes was performed on purified DNA, using the same adenovector primers and
TagMan probe used in the cell culture titrations, and primers and probe specific for the
mouse Oct4 gene. Standard curves to measure the number of liver genomes were
prepared from pre-weighed liver samples subjected to DNeasy DNA purification, based
on an estimation of 1.35 x 10® hepatocytes per gram [3]. Standard curves to measure
the number of adenovirus vectors were prepared from purified vector DNA quantified by
optical density.
Determination of optimal time for imaging of reporter gene efficacy after adenovirus

reporter gene intravenous. injection
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Three mice were injected via tail vein with Ad.HL.Luc2 (5x1010 IGU/mouse). The
mice were then imaged, following luciferin injection [1] with an IVIS instrument (Caliper
Life Science, Inc.), at days 1, 2, 3, 4, 5, 6 and 10 after Ad.HL.LUC2 injection. We found
a broad peak between days 3 and 5 (Supplemental Fig. 1).

In vivo studies

In vivo studies to compare efficacy of wild-type dCK and the two dCK mutants
dCK-R104M/D133A (dCK-DM) and dCK-A100V/R104M/D133A (dCK-A100VTM) were
performed as described in the main manuscript, with the modification that two mice per
group imaged in one experiment and the experiment was repeated a second time, again
with two mice per group. For the comparison of dCK and the two dCK mutants as

PRGs, the data from the two experiments were pooled.

Supplemental Results

To determine the time for optimal imaging after adenovirus injection in our
protocol, we injected 3 mice with 5x10'° Ad.HL.Luc2 [1], and imaged with luciferase [1]
daily for 6 days, then at 10 days. For each optical imaging session mice were
anesthetized with 2% isoflurane. For each image, luciferin (3 mg, in 100 ulL) was
administered intraperitoneally, Mice were imaged in an IVIS® Lumina Il imaging system
(Caliper Life Sciences, Hopkinton, MA) [1]. Optimal imaging was observed between
days 3-5 (Supplemental Figure 1).
Hepatic efficacy of wild type dCK, the double mutant dCK-DM and the triple mutant
dCK-A100VTM as PRGs, with "°F-L-FMAU as a PRP

Four mice per group were injected intravenously with adenovirus vectors (5%10'

IGU/mouse); Ad.HL.Luc2, Ad.HL.dCK-WT, Ad.HL.dCK-DM and Ad.HL.dCK-A100VTM.
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Imaging with "®F-L-FMAU was performed 4 days after vector injection (Supplemental
Figure 2a), followed by liver DNA purification. The numbers of vector genomes/liver cell,
+ S.E.M, were Ad.HL.Luc2, 86 + 10; Ad.HL.dCK-WT, 77 + 14; Ad.HL.dCK-DM, 80 + 18
and Ad.HL.ACK-A100VTM, 72 + 19 (Supplemental Figure 2b). Differences in viral
genome transductions between groups were not statistically significant (p=0.94),
demonstrating consistent transduction efficiency.

PRP-dependent PRG hepatic retention was determined as described in the main
manuscript. %ID/g values, corrected for PRP background, but not corrected for
differences in the numbers of PRGs present in the liver, were Ad.HL.dCK-WT, 0.05
0.01; Ad.HL.dCK-DM, 5.0 + 0.56; and Ad.HL.dCK-A100VTM, 5.2 + 0.58. (Supplemental
figure 2c). Values are means +S.E.M.s. Differences between dCK-WT and each mutant
were significant (*** indicates p=0.0001 for both dCK-DM and dCK-A100VTM).
However, no statistical difference between dCK-DM and dCK-A100VTM was detected
(p=0.80).

To eliminate the variability caused by differences in numbers of PRGs present in
livers of each mouse, the [%ID/g-bkg] was normalized to vector transduction. Results
for the dCK vectors were Ad.HL.dCK-WT, 7.6 + 2.6 x 10™; Ad.HL.dCK-DM, 7.6 + 2.5 x
10%; and Ad.HL.dCK-A100VTM, 9.1 + 2.8 x 10 Both Ad.HL.dCK-DM/'8F-L-FMAU and
Ad.HL.dCK-A100VTM/'®F-L-FMAU signals differed significantly from the Ad.HL.cCK-
WT/'"®F-L-FMAU signal (*indicates p=0.02). In contrast no significant difference could
be demonstrated between the signals from the Ad.HL.dCK-DM/ 'F-L-FMAU and

Ad.HL.dCK-A100VTM "®F-L-FMAU (p=0.70).

Supplemental Figure Legends
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Supplemental Fig. 1. Time course for hepatic adenovirus reporter gene
expression. Three mice were injected with Ad.HL.Luc2 (5x10'° IGU) on day 0, then
subjected to luciferin-dependent bioluminescent imaging on days 1, 2, 3, 4, 5, 6 and 10
after virus administration. (Panel a) Successive optical images for one mouse. (Panel b)
Signal was normalized to 100% of the maximum for each mouse, and averaged. Data

are means = S.E.M. of triplicate assays for three mice imaged at each time point.

Supplemental Fig. 2. Comparative efficacy of dCK-DM and dCKA100VTM as
PRGs, with 18F-L-FMAU as PRP. (Panel a) Four mice per group were injected with
either 5x10' IGU of Ad.HL.Luc2, Ad.HL.dCK-WT, Ad.HL.dCK-DM, or Ad.HL.dCK-
A100VTM, and imaged 4 days later (1 representative image for Ad.HL.dCK-WT, dCK-
DM and dCKA100VTM is shown). (Panel b) One day after imaging the mice were
sacrificed and liver samples were processed to determine transduction as measured by
gPCR-detected vector genomes. Each point is the mean of three liver samples per
mouse. The horizontal lines are the means of all mice in each group, error bars denote
+ S.E.M. (panel c) 4 ROIs were drawn within the liver of each animal, and quantified to
determine average %ID/g. Each point is the mean of the four liver ROIls with
background signal (Ad.HL.Luc2 negative control mouse) subtracted. Error bars indicate
means + S.E.M. Differences between dCK-WT and each mutant were significant (***
indicates p=0.0001 for both dCK-DM and dCK-A100VTM). Differences between dCK-
DM and dCK-A100VTM were not statistically significant (p=0.80). (Panel d) Signal was
normalized for number of hepatic viral genomes. Differences between dCK-WT and
each mutant were significant ((* indicates p=0.02). Differences between dCK-DM and

dCK-A100VTM were not statistically significant (p=0.70). Error bars denote + S.E.M.
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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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Positron emission tomography (PET) reporter genes allow nonin-
vasive whole-body imaging of transplanted cells by detection with
radiolabeled probes. We used a human deoxycytidine kinase con-
taining three amino acid substitutions within the active site
(hdCK3mut) as a reporter gene in combination with the PET probe
["8F]-L-FMAU (1-(2-deoxy-2-'®fluoro-p-L-arabinofuranosyl)-5-meth-
yluracil) to monitor models of mouse and human hematopoietic
stem cell (HSC) transplantation. These mutations in hdCK3mut ex-
panded the substrate capacity allowing for reporter-specific de-
tection with a thymidine analog probe. Measurements of long-
term engrafted cells (up to 32 wk) demonstrated that hdCK3mut
expression is maintained in vivo with no counter selection against
reporter-labeled cells. Reporter cells retained equivalent engraft-
ment and differentiation capacity being detected in all major he-
matopoietic lineages and tissues. This reporter gene and probe
should be applicable to noninvasively monitor therapeutic cell
transplants in multiple tissues.

gene therapy | molecular imaging

Genctically modifying cells can offer novel therapeutic strate-
gies for currently untreatable diseases (1). Standard methods
for monitoring the long-term viability of transplanted cells are
inadequate. Improved methods to serially detect transplanted cells
in several tissues throughout the body simultaneously and non-
invasively are critical to measure therapeutic efficacy (2, 3).

Hematopoietic stem cell transplants (HSCT) from both autol-
ogous and allogeneic sources have been successfully used in re-
generative medicine (4). Genetic engineering through viral vector
integration repairs defects in HSCs expanding clinical applica-
tions (5). Effective transplantation requires the engraftment of
HSCs followed by an expansion into mature hematopoietic line-
ages repopulating multiple organs and peripheral blood. Mea-
surement of mature hematopoietic cells in the peripheral blood is
the primary diagnostic method for evaluating transplant efficacy.
The major limitation of this approach is the lack of information
about the engraftment within hematopoietic tissues.

Cells engineered to express a positron emission tomography
(PET) reporter gene can be serially imaged in vivo with a re-
porter-specific probe (2). Most studies have used variants of the
herpes simplex virus type 1 thymidine kinase (HSVI-TK or
HSV1-sr39TK) and a radiolabeled penciclovir analog (9-(4-
['*F]-fluoro-3-hydroxymethylbutyl)guanine, ['*F]-FHBG) to de-
tect reporter-labeled cells (6, 7). However, HSV1-TK is immu-
nogenic and cells expressing this enzyme are selectively cleared
over time potentially causing therapeutic failure (8-10). This
immunogenicity has prevented the routine use of PET reporter
genes clinically (11, 12).

Alternative potentially nonimmunogenic PET reporter genes
have been investigated (3). Human nucleoside kinases deoxy-
cytidine kinase (dCK) and thymidine kinase 2 (TK2) have similar
substrate specificity to HSV1-TK. Several studies demonstrated

the specific detection of reporter-labeled cells in mouse models
with these human nucleoside kinases as PET reporters. Two studies
developed xenografts expressing truncated TK2 or a mutant TK2
demonstrating reporter-specific imaging when probed with ['*F]-
thymidine analogs (13, 14). Infiltrating tumor-specific human T
cells expressing a mutant dCK (dCKDM: R104M, D133A) re-
porter were detected within lung lesions of mice after trans-
plantation by 2'-["*F]fluoro-5-ethyl-1-beta-p-arabinofuranosyluracil
(["*F]-FEAU) PET (15). These reporter-labeled T cells were tested
for cytolytic activity in vitro against target cells demonstrating that
expression of dCKDM did not alter their short-term function (15).

Further investigation of human dCK as a PET reporter was
selected based on multiple factors. mRNA encoding DCK is
~800 bp, smaller than HSV1-TK, causing a minimal size increase
when inserted into therapeutic vectors. The biological function
of dCK has been described in genetic knockout mice (16, 17).
The enzyme structure and kinetics of dCK are well characterized
(18) with known point mutations that shift substrate specificity
(18-20). A previous study successfully demonstrated the use of
an alternate mutant dCK reporter and probe (15). Endogenous
dCK activity can be monitored with PET using an alternate
radiolabeled nucleoside analog (21).

How human nucleoside kinase reporters affect long-term cell-
based therapies remains uncertain. Specifically it is unknown if con-
stitutive expression in reporter-labeled cells is maintained within
the recipient with no perturbation on cell function. Knockout dCK
mice have a significant reduction in the total quantity of T and B
lymphocytes caused by cellular stress from imbalanced nucleotide
pools (22). Ectopic expression of nucleoside kinases could cause
similar imbalances. Potential complications may include growth
defect, disadvantage, or counterselection resulting in the loss of
engrafted cells over time.

Our study demonstrates that a hdCK PET reporter can success-
fully monitor transplanted cells long term with no toxicity or survival
disadvantage in modified cells. Models of mouse and human he-
matopoietic reconstitution were used to compare our reporter
tracking for monitoring engraftment to peripheral blood sam-
pling. Reporter-labeled cells exhibited identical behavior to non-
labeled cells with no differences detected regarding cell cycle,
lineage, or tissue location. Our data provide evidence that hdCK3mut
is an optimal reporter gene for hematopoietic cell tracking with
future applications in a broad range of therapeutic cell transplants.
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Results

Mutant Human dCK Functions as a PET Reporter When Probed with
Thymidine Analogs. hdCK3mut contained three point mutations
(A100V, R104M, and D133A) that were chosen based on a
previous study that demonstrated a 1,100-fold increase in thy-
midine activity compared with wild-type dCK in enzyme kinetic
assays (20). L1210-10K, a mouse leukemic cell line with no en-
dogenous dCK was selected as a model cell line for in vitro studies
(23). Stable expression of wild-type (WT) hdCK or hdCK3mut
coexpressed with yellow fluorescent protein (YFP) through an
internal ribosome entry site (IRES) in L1210-10K cells were
generated to test probes for specific retention in hdCK3mut
cells (Fig. 14 and vector maps in Fig. S1). Two thymidine ana-
logs, 2’-fluoro-2’-deoxyarabinofuranosyl-5-ethyluracil (FEAU)
and 1-(2-deoxy-2-fluoro-p-L-arabinofuranosyl)-5-methyluracil
(L-FMAU), showed significant accumulation in reporter cell
lines compared with wild type. Retention of the probe L-FMAU
was 18-fold higher in hdCK3mut cells compared with WT hdCK
(Fig. 1 B and C).

Enzyme kinetic analysis further demonstrated high substrate
affinity of hdCK3mut to L-FMAU with a measured K, of ~13
pM. hdCK3mut had a fourfold lower K, for L-FMAU compared
with the previously published dCKDM reporter (13 pM versus 56
uM). A high affinity PET reporter and probe combination is
optimal because probes are administered at high specific activi-
ties with low concentrations of substrate. The decreased K;,, of
hdCK3mut for L-FMAU demonstrates that it will achieve
a higher velocity at a lower substrate concemrationPSTahlc S1).

Immune compromised NOD.Cg-Prkdc*™ 112rg™""/SzJ (NSG)
mice were implanted with two s.c. grafts. The right side contained
L1210-10K cells and the left side contained L1210-10k cell lines
engineered to express WT hdCK or hdCK3mut. To determine
tumor viability, animals were imaged by PET/CT with 2-deoxy-
2-"®fluoro-D-glucose (['*F]-FDG), a glucose analog used to
measure glycolytic consumption. F-18 has a half-life of ~110 min
with probes decayed to undetectable levels within 24 h allowing
for sequential scans with alternate probes. The following day
["*F]-L-FMAU PET/CT scans detected hdCK3mut reporter
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Fig. 1. Development of a human thymidine selective PET reporter gene
hdCK3mut. (A) Western blot analysis for equal expression of dCK and the
linked fluorescent marker YFP in stable cell lines. (B) Chemical structure of
two thymidine analogs FEAU and L-FMAU. (C) In vitro [*H]-nucleoside uptake
assay. Results are displayed on a log10 scale as a fold change in counts per
minute (cpm) from L1210-10K, a dCK-deficient cell line. (FEAU P = 0.027,
L-FMAU P = 0.0052) (D) ['®F]-FDG and ['®F]-L-FMAU MicroPET scans of NSG
mice with s.c. grafts. Right side is control L1210-10K (dotted line). Left side is
L1210-10K cells with stable expression of WT dCK or hdCK3mut (solid line). (E)
Region-of-interest quantification for ['®F]-FDG and ['®F]-L-FMAU (P = 0.0006).
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Fig. 2. hdCK3mut and ['®F]-L-FMAU PET can track reporter-labeled mouse
hematopoietic cells during early engraftment and expansion in bone mar-
row chimera mice. (A) Lethally irradiated C57BL/6 (CD45.2) mice were
transplanted with retrovirally transduced 5-FU-enriched HSCs (CD45.1).
Animals were monitored for hematopoietic reconstitution over their total
lifespan. MicroPET scans shown from Left,coronal; Right Upper, sagittal;
Center, coronal; and Lower, transverse. (B) ['®F]-L-FMAU at 4 wk posttrans-
plant. Reporter signal observed in hdCK3mut animals in spleen (S), thymus
(T), and bone marrow (BM). Probe metabolism in both cohorts seen in gas-
trointestinal (Gl), bladder (BI), and kidney (K). (C) ["®F]-FDG MicroPET scan at
4 wk posttransplant. Nonreporter-specific signal observed in both cohorts in
heart (H), spleen (S), gastrointestinal (Gl), brain (Br), with metabolism in
kidneys (K) and bladder (Bl). (D) In vivo accumulation of ['®F]-L-FMAU in
sorted hematopoietic cells from hdCK3mut animals. Reporter positive:
CDA45.1%, YFP* and reporter negative: CD45.1*, YFP. (P < 0.05).

expression with signal observed within hdCK3mut grafts (Fig.
1D). PET images were then quantified for total probe accumu-
lation. Images were dose corrected to total radioactivity at the
scan start time. Tumors were then selected in a region of interest
(ROI) and the mean percent injected dose per gram (%ID/g)
over the entire tumor was calculated. Tumor signal of the dCK
transduced graft is compared as the fold change in probe re-
tention to the nontransduced L1210-10K tumors of each animal.
Tumors expressing hdCK3mut had a 3.3-fold increase in ['*F]-L-
FMAU retention (P = 0.0006) compared with WT hdCK grafts
(Fig. 1E and Fig. S2). These results determined that hdCK3mut
and L-FMAU make a suitable PET reporter gene and probe
combination for in vivo studies.

Expression of hdCK3mut in Mouse HSCs Allow Noninvasive Detection
of Reporter Cell Transplantation Before Normalization of Peripheral
Blood Counts. A competitive mouse bone marrow transplantation
(BMT) study was chosen to test whether hdCK3mut can detect
transplanted cells during early hematopoietic reconstitution (24-28).

Donor cells were generated by treating mice with 5-flourour-
acil 5 d preharvest for HSC enrichment. Collected bone marrow
was retrovirally infected with ~40-60% transduction efficiency to
express hdCK3mut (coexpressed with YFP through an IRES) or
the control of IRES-YFP only (Fig. S1). Recipient mice then
received a lethal irradiation dose of 900 rads to eliminate host
bone marrow. Mice were transplanted with the mixed population
of reporter/nonreporter HSC-enriched donor bone marrow
(Fig. 24).



Under standard conditions mice will display normalized en-
graftment and complete blood counts (CBC) within ~8 wk after
BMT (27). We hypothesized that early engraftment and expan-
sion could be monitored by reporter imaging before normaliza-
tion of peripheral blood measurements. At 4 wk post-BMT,
animals received PET/CT scans with ['*F]-FDG and the fol-
lowing day ["*F]-L-FMAU (Fig. 2 B and C).

Whole-body glucose consumption was measured by ['*F]-FDG
MicroPET and was indistinguishable between the two cohorts of
animals. Weak signal was detected within the spleen and bone
marrow indicating a similar glycolytic rate across all animals (Fig.
2C). The following day PET/CT with ['*F]-L-FMAU detected
only hdCK3mut cells engrafted within the spleen, thymus, and
focal areas within the bone marrow of reporter-labeled animals
(Fig. 2B and Fig. S3). Animals in the control YFP cohort had no
hematopoietic signal observed with ['*F]-L-FMAU (Fig. 2B).
Visualization of ["*F]-L-FMAU in hematopoietic tissues of
hdCK3mut recipients verified that reporter imaging can monitor
early engraftment after BMT.

To confirm that ['®F]-L-FMAU accumulation was specific for
hdCK3mut cells, in vivo reporter and nonreporter accumulation
was measured. Donor hematopoietic cells from hdCK3mut
recipients were sorted for reporter positive or negative and then
were counted for total radioactivity in counts per minute (cpm)
normalized to cpm/le6 cells. Cells expressing hdCK3mut had
a significantly (P < 0.05) higher accumulation of ["*F]-L-FMAU
compared with unlabeled cells in all hematopoietic tissues
(Fig. 2D).

Reporter Labeled Mouse HSCs Retain Expression of hdCK3mut with
Equivalent Engraftment and Differentiation Capacity. Overexpression
of enzymes or reporter genes can potentially cause cellular stress,
developmental defects during differentiation, growth disadvantage,
or transformation (29, 30). The long-term effects from forced ex-
pression of hdCK3mut on mouse HSC’s engraftment and differ-
entiation capacity was investigated. Reconstituted chimeric mice
were evaluated to confirm that hdCK3mut expression was pre-
served and that mouse HSCs expressing the reporter maintained
normal function after transplantation.

Reconstituted chimeric mice 6-8 wk post-BMT were analyzed
by flow cytometry and immunohistochemical (IHC) analysis (Fig.
34 and Figs. S4 and S5). Flow cytometry analysis evaluated the
spleen, thymus, bone marrow, and peripheral blood for total
donor engraftment by lineage, reporter expression (YFP expres-
sion), and cell cycle. A representative fluorescent-activated cell
sorting (FACS) plot of hdCK3mut engraftment within the spleen
is displayed (Fig. 34). No significant difference in reporter en-
graftment based on tissue location, lineage distribution, or cell
cycle profiles from nonreporter labeled cells or in comparison
with the YFP cohort was observed (Fig. S4).

Tissue architecture of the spleen and thymus was examined by
hematoxylin and eosin staining (H&E) with normal morphology
in both hdCK3mut and YFP mice. hdCK3mut engraftment was
then detected although IHC of anti-dCK with no staining seen in
YFP recipients. Anti-YFP IHC detected the linked fluorescent
marker in both tissues and cohorts of animals confirming the
flow cytometry data. Both dCK and YFP IHC identified the
same engrafted hematopoietic cells in hdCK3mut animals, dem-
onstrating the specificity of reporter detection using a newly de-
veloped monoclonal antibody generated in our laboratory (Fig. S5).

Mice received HSC-enriched bone marrow that was retro-
virally transduced to express hdCK3mut or YFP in ~50% of
cells. This enrichment technique also contains residual commit-
ted short-term progenitor cells that can express the reporter.
Transplantation of these progenitor cells is necessary for animal
survival but these cells confound analysis of HSC differentiation
at early time points. Measurements of mature hematopoietic
cells from HSCs and progenitor cells are indistinguishable in
peripheral blood analysis. A methylcellulose (MC) colony forming
assay measured the expansion and differentiation capacity of re-
porter-labeled bone marrow 6 wk posttransplantation. Recipient
animals’ bone marrow was harvested, sorted, and placed in MC
for 12 d (Fig. S64) (25). Quantification of the MC assay de-
termined that cells from hdCK3mut recipient mice were equiv-
alent to YFP animals and nonchimeric bone marrow in colony
forming capacity (CFC) as well as colony type distribution (Fig.
S6 B-F). Sorted hdCK3mut or YFP positive cells were compa-
rable in CFC and colony type, demonstrating that expression of
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— Fig. 3. hdCK3mut mouse HSCs persist in vivo allowing long-
term monitoring of therapeutic cell transplantation. (A) Rep-
resentative FACS plot for hdCK3mut engraftment within the
spleen. Cells were monitored for CD45.1 (donor) and YFP (re-
porter) positive. Further gating demonstrates that reporter
positive (YFP*) cells can be found in all major lineages. (B) ['®F]-
L-FMAU MicroPET at 32 wk post-BMT. (C) Serial monitoring of
peripheral blood. Animals were monitored for total white
blood cell (WBC), hematocrit (HCT), and reporter-labeled donor
engraftment (CD45.1%, YFP*). (D) Distribution of white blood
cells at early and late engraftment are indistinguishable be-
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tween YFP and hdCK3mut animals. NE, neutrophils; LY, lym-
phocytes; MO, monocyte; EO, eosinophil; BA, basophil. () No
survival disadvantage seen in hdCK3mut reporter animals.



hdCK3mut does not cause a disadvantage during in vitro differ-
entiation (Fig. S6E). Sorted cells from both YFP and hdCK3mut
recipients retained reporter expression during in vitro differenti-
ation detected through flow cytometry, confirming the continued
expression of hdCK3mut throughout cell development (Fig. S6F).

Together these experiments demonstrate that expression of the
hdCK3mut reporter gene has no observable selective disadvan-
tage on hematopoietic cell engraftment and expansion capacity in
a mouse HSC transplantation model.

hdCK3mut Mouse HSCs Persist in Vivo Allowing Long-Term Monitoring of
Therapeutic Cell Transplantation. Long-term effects from the expres-
sion of human nucleoside reporters are poorly defined. Potential
concerns include selective vector silencing or counterselection of
reporter-labeled cells over time.

We examined whether reporter cells in BMT-recipient mice
retained the PET reporter function through serial imaging in vivo.
Consecutive scans and peripheral blood analysis were obtained at
4, 15, 27, and 32 wk post-BMT allowing for detection of both
short- and long-lived reporter HSCs (27, 28).

At 32 wk post-BMT hdCK3mut reporter-specific signal was
detected within the spleen and bone marrow, demonstrating long-
term engraftment capability of reporter-labeled hematopoietic cells
(Fig. 3B). Previous scans of the same animals demonstrated similar
signal at 15 and 27 wk (Fig. S7). Serial detection of hdCK3mut
through PET/CT reveals that the reporter gene functions through
hematopoiesis. It is hypothesized that each sequential scan is de-
tecting different hematopoietic cells that have homed to the spleen.

Peripheral blood was collected at each time point and ana-
lyzed for CBC and reporter engraftment by flow cytometry. No
significant difference was observed in the retention of circulating
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reporter positive hematopoietic cells between hdCK3mut and
YFP recipients. Comparison of the total white blood cell (WBC)
count and hematocrit were normal and equivalent between both
hdCK3mut and YFP after BMT (Fig. 3C). Peripheral WBC
differential demonstrated that at both early and late engraftment
the distribution of WBC subtypes were consistent between both
groups (Fig. 3D).

Reporter-labeled bone marrow transduced with YFP or
hdCK3mut was able to successfully rescue lethally irradiated re-
cipient animals. Long-term monitoring determined there was no
survival disadvantage for hdCK3mut recipients over YFP as in-
dicated in a Kaplan-Meier survival curve (Fig. 3E). Collectively
these experiments demonstrate that expression of hdCK3mut is
an inert reporter gene capable of long-term noninvasive tracking
method throughout the recipients’ lifespan.

hdCK3mut Allows for Noninvasive Detection of Human HSC Engraft-
ment. Probe retention in reporter-labeled cells is dependent upon
transport of the radio-labeled probe intracellularly with sequential
phosphorylation by hdCK3mut. Although mice and humans have
similar nucleoside transporters, total expression or variation based
on cell lineage may differ between species (31, 32). A humanized
xenotransplantation model was used to validate that hdCK3mut
would function as a reporter in human HSCs. Human hemato-
poiesis occurs within the spleen, bone marrow, and thymus of NSG
mice when transplanted as neonates providing a tool to study in
vivo human HSC differentiation (33). Isolated CD34* cord blood
HSCs were transduced with hdCK3mut or control lentiviral vec-
tors (Fig. S1B) and transplanted into sublethally irradiated neo-
nate NSG recipient animals (Fig. 44). When transplanted as
neonates CD34™ cells engraft and expand within multiple tissues
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Fig. 4. hdCK3mut allows for noninvasive detection of human HSC
engraftment. (A) Schematic of human HSC xenotransplantation.
CD34" cells from cord blood donors are transduced with lentivirus.

Sublethally irradiated neonate NSG recipients are intrahepatically
transplanted. (B) FACS plots for total human engraftment at 8 wk
posttransplantation. hCD45 denotes total human cells, reporter
cells are detected by YFP*. (C) ['®F]-L-FMAU MicroPET detects hu-

man hematopoietic cells expressing hdCK3mut within the bone
marrow (BM) and thymus (Th). Background signal from probe
metabolism is seen in liver (L), gastrointestinal (GI) with probe
clearance through the bladder (BL). NSG mice displayed higher
probe background compared with C57BI6 animals seen by in-
creased nonspecific liver signal. (D) IHC detects hdCK3mut-labeled
human hematopoietic cells within the spleen. Total engraftment
detected with a-hHLA, reporter cells detected by a-hdCK and

«-YFP. (Scale bar, 100 pm.)



and can home to the empty NSG thymus. These mice develop
partial human hematopoietic systems with mature human myeloid,
T-, and B cells.

At 8 wk post human HSC transplantation peripheral blood
analysis detected hdCK3mut reporter human engraftment by flow
cytometry (Fig. 48). Peripheral blood mononuclear cells (PBMCs)
were stained for human CD45 to detect total human engraftment.
Additional markers were used to detect human myeloid, B-cell, T-
cell, and YFP for reporter-labeled cells. MicroPET scans with
["*F]-L-FMAU detected hdCK3mut cells within the thymus and
bone marrow of chimeric recipient mice (Fig. 4C). This demon-
strates that human cells labeled with hdCK3mut retain expression
of the reporter and are capable of engrafting after transplantation.

THC analysis of human HSC engraftment in the spleen and
thymus was performed at the experimental endpoint (Fig. 4D and
Fig. S8). Total human engraftment was detected with human-spe-
cific HLA staining. Sequential sections verified reporter positive
cells by anti-dCK and anti-YFP staining. Anti-dCK IHC in the
spleen stained a fraction of the total engrafted human cells, con-
sistent with the peripheral blood FACS (Fig. 4B), which revealed
~15% of human cells that were reporter positive based on YFP
expression (Fig. 4D). This supports the hypothesis that human
hematopoietic cell maturation and homing is retained in cells
expressing hdCK3mut.

Overlapping Integration Sites in hdCK3mut-Labeled Human Hemato-
poietic Cells Defines a Common Cell of Origin with Multilineage Differ-
entiation Capacity in Vivo. A concern of gene therapy trials for the
correction of inherited diseases is the potential for insertional mu-
tagenesis that has been observed in rare cases (34). Vector inte-
gration within tumor suppressors, near the transcriptional start site
of oncogenes, or at sites that alter cell function are potential com-
plications when using viral integration methods. Integration of
lentiviral vectors is less likely to cause oncogenic transformation
that was previously seen with other retroviral vectors (35). Recent
studies have focused on identifying integration sites of modified
hHSCs to detect potential problems such as dominant clonal ex-
pansion or lineage restriction (36, 37). Integration site analysis on long-
term engrafted human chimeric mice was used to determine if ex-
pression and integration of hdCK3mut resulted in an abnormal event.

Cells were sorted from the spleens of engrafted animals into
three lineages based on human CD33, CD3, or CD19 expression.
Total genomic DNA was isolated and sequences flanking the
vector integration sites were amplified by using common primers
within the L'TRs. Short primers were then ligated to the 3’ end of
all amplified DNA allowing uniform ends of all fragments. A
second PCR amplification was then performed to attach unique
barcode sequences to the 3" end. This allows multiple samples to
be sequenced together and each sample to be precisely identi-
fied. Pooled samples underwent paired-end 50-nt Illumina se-
quencing to identify the unique integration site. Results were
then aligned against genomic DNA to identify the exact in-
tegration location. Comparison of myeloid, B- and T-cell inte-
grations were analyzed for each animal identifying individual and
overlapping integrations (Fig. 54).

Lineage-specific integrations identified committed progenitor
cells. Integration sites found in all three populations are derived
from a common transduced cell of origin (HSC) which then
differentiated into all lineages (Fig. 5 B-D). Previous vector copy
number per cell was determined by PCR to be ~0.5 (0.485,
hdCK3mut; 0.494, YFP) after transduction. It is estimated that
each HSC integration site represents a single engrafted clone.

A comparison of the total number of integrations from each
sample in hdCK3mut and YFP animals confirms that the number
of integrations detected is similar between vectors. This dem-
onstrates that the expression of hdCK3mut does not prevent
hHSCs from differentiating into all major hematopoietic line-
ages within the humanized mouse model. hdCK3mut also had no
effect on long-term engraftment and was detected up to 5 mo
post-HSC transplant with no lineage restriction due to gene
toxicity or clonal expansion due to growth advantage.
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Fig. 5. Overlapping integration sites in hdCK3mut-labeled human hema-
topoietic cells defines a common cell of origin with multipotent lineage
capacity in vivo. (4) Schematic of integration site analysis. Cells from the
spleens of engrafted animals are sorted into three populations. DNA is
amplified from the LTR and a 3’ cap is attached. Unique index sequence is
placed on all samples in a second amplification. Samples are sequenced, and
genomic integration sites are determined. Overlapping integration sites
from multiple lineages determines a common cell of origin differentiated
into multiple hematopoietic lineages. (B) YFP-engrafted animal. (C and D)
hdCK3mut-engrafted animals.

Discussion

We have demonstrated that an alternate dCK mutant (hdCK3mut)
is well-tolerated, highly sensitive, and capable of monitoring long-
term HSC engraftment.

Expression of HSV1-TK After Gene Transfer Provides a Safety Mech-
anism in Aberrant Reporter Cell Populations Through Reporter-Specific
Cytoxicity (38, 39). hdCK3mut provides an alternative PET reporter
gene to sr39TK. One concern for alternate reporters is the loss of
suicide gene function, which is gained when HSV1-TK and mutants
are used (40). Gene transfer of HSV1-TK into select cell pop-
ulations allowed for targeted cytotoxicity when treated with FDA-
approved acycloguanosine-based antiviral drugs such as ganciclovir
(41). This eliminates all cells expressing the reporter with limited
off-target cytotoxicity (38). A limitation in HSV1-TK expression is
that prophylaxis treatment with acycloguanosine antivirals to min-
imize cytomegalovirus infection in immunocompromised individu-
als cannot be administered without potentially eliminating the
donor cells (42).

In previous studies, hdCK3mut also exhibited higher substrate
specificity for several chemotherapeutic and antiviral nucleoside
analogs in comparison with wild-type dCK (18-20). hdCK3mut
had a higher activity with gemcitabine (2',2’-difluorodeoxycytidine,
dFdC) with little activity toward acycloguanosine drugs. dFdC is an
FDA-approved chemotherapeutic that works through self-poten-
tiation in the diphosphate and triphosphate forms (43). The tri-
phosphate form is then incorporated into DNA, causing chain
termination. Treatment with drugs that have a higher affinity for
hdCK3mut may allow a targeted suicide gene therapy. Proper in
vivo models will need to be tested to validate hdCK3mut enhanced
sensitivity and to evaluate the off-target effects from treatment.

Evaluating the Potential Inmunogenicity of hdC3Kmut in Short-Term
Therapeutic Cell Transplants. Before transitioning hdCK3mut into
a clinical PET reporter for stem cell or long-term therapeutic



transplants experimental short-lived transplanted cells need to
be investigated. The immunogenicity of HSV1-TK was found
when reporter-labeled lymphocytes caused a CD8 immune re-
sponse selectively killing reporter cells (8-10). A similar study
could determine if expression of hdCK3mut will cause an
immune response.

hdCK3mut contains only three point mutations and is expec-
ted to not cause an immunogenic epitope for MHC class 1
presentation. Using a predictive software for MHC class 1 pre-
sentation (44), hdCK3mut has only one additional peptide
fragment, which is predicted to be different from WT hdCK. This
peptide, which incorporates the mutated amino acid methionine at
position 104, could use the methionine as an anchoring residue
within the MHC (45). All other amino acids that are displayed in
the MHC are natural, and therefore the peptide fragments dis-
played from hdCK3mut are predicted to be recognized as “self”
avoiding immune cell detection.

Summary. We demonstrate how long-term follow-up of trans-
planted cells can be managed noninvasively by using reporter PET
imaging. This study provides a comprehensive analysis on the inert
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biological effect of hdCK3mut on hematopoietic cells. Therefore,
itis anticipated that hdCK3mut monitoring will provide a safe and
effective mechanism for longitudinal monitoring of a broad range
of transplanted cells.

Materials and Methods

Detailed information on animals, constructs and cloning, cell lines, uptake
assays, enzyme kinetic assay, grafts, mouse HSC transplant, human HSC
transplant, MicroPET imaging, peripheral blood analysis, FACS, methylcel-
lulose assay, antibodies, Western blot, IHC, integration site analysis, and
statistics can be found in S/ Materials and Methods.
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SI Materials and Methods

Animals. Immunocompetent C57BL/6 and C57BL/6 SIL female
mice and immunedeficient NOD.Cg-Prkdc™™® 112rg™ " "1/S2)
(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.

Constructs and Cloning. Codon optimized human deoxycytidine
kinase (hdCK) sequence was purchased from DNA 2.0. PCR
amplification added EcoR1 and Xhol restriction sites. hdCK was
then placed in murine stem cell virus (pMSCV) vector ahead of an
internal ribosomal entry site (IRES) and yellow fluorescent protein
(YFP). Amino acid mutations were made by multisite-directed
mutagenesis (Stratagene) at the following locations: A100V,
R104M, and D133A. A lentiviral vector (2F-X, pCCL based) was
constructed for infection of human HSCs. hdCK3mut-IRES-YFP
was cut from MSCV, and BamH1 sites were added by phosphate
linkers. 2F-X was digested with BamHI1 and hdCK3mut-IRES-
YFP was ligated into the vector. Helper plasmids for making
ecotropic retrovirus was PCL-I1. Third-generation nonreplicating
lentiviral helper plasmids were used (VSVg, PREV, and PMDL).

Cell Lines. L1210 and L1210-10K mouse leukemia cell lines were
a gift from Charles Dumontet (Université Claude Bernard Lyon
I. Lyon, France). All stable cell lines were made with retroviral
transduction with ecotropic packaging of pMSCV constructs.
Cell lines were sorted to equal expression of YFP by FACS and
grown in cell-specific media conditions.

In Vitro Uptake Assay. Suspension cell lines: 100,000 cells in 100 pL.
media were plated in triplicate in a 0.22 micron filter bottom
plates. 3H-probe was diluted to 5 pCi/mL in media. A total of
100 pL (0.5 pCi) was added per well, Cells were incubated at
37 °C for 1 h, washed five times, and dried. Scintillation fluid was
added and counted for counts per minute (cpm) for 1 min on a
BetaMax plate reader (PerkinElmer).

Recombinant Protein Production. For bacterial expression of His-
tagged human dCK, 5" and 3’ primers (5-CATGGATCCATGG-
CCACCCCGCCCAAGAG-3" and 5-GTAGGTACCTCACAA-
AGTACTCAAAAACTCTTTGACCTTTTC-3") were designed
introducing BamHI and Kpnl sites for cloning into pQE-80L
vector (Qiagen). TOP10 bacteria were transformed with pQE-80L-
hdCK3mut, dCKDM, or hdCK. A single colony was used for an
overnight starter culture. A large-scale 1-L culture was inoculated
and induced at ODggp: 0.6 with isopropylthio-p-galactoside (IPTG)
to 1 mM. Cells were harvested 4 h later and cleared lysate was
prepared according to Qiagen instructions. Lysate was combined
with 1 mL bed volume Ni-NTA agarose and transferred to a 20-mL
column. Beads were washed extensively and eluted in PBS 150 mM
NaCl, 250 mM imidazole, 5% (wt/vol) glucose.

Enzyme Kinetic Assay. A coupled spectrophotometric kinase assay
was adapted to determine kinetics for L-FMAU (1). Reads were
performed in ~30-s intervals at 37 °C for 30 min. An NADH
standard curve was constructed. Nonlinear regression analysis
and Michaelis-Menten plots determined the K, values.

Grafts. Cells were counted, washed, and resuspended in a 1:1
mixture of sterile RPMI and Matrigel. Each graft contained 2 x
10° cells in 100 pL total volume. Grafts were implanted s.c. in
6- 10 8-wk-old female NSG mice. ['*F]-FDG (2-deoxy-2-"*fluoro-
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D-glucose) was performed on day 7 or 8, with sequential [“‘FJ-L—
FMAU  (1-(2-deoxy-2-"*fluoro-p-L-arabinofuranosyl)-5-methyl-
uracil) scans on day 8 or 9 depending on tumor growth rate. Grafts
were removed after ['*F]-L-FMAU imaging, weighed, and total
cpm/g was determine by the amount of radioactivity in each graft
measured using a Wallac Wizard 3” 1480 Automatic Gamma
Counter (PerkinElmer).

Mouse HSC Transplant. Six- to 10-wk-old C57BL/6 SIL mice were
injected i.v. with 150 mg/kg 5-fluorouracil (APP Pharmaceut-
icals). BM was harvested 5 d after treatment and cultured with
IL-3 (6 ng/mL), IL-6 (10 ng/mL), stem cell factor (SCF) (100ng/
mL), and 5% (vol/vol) conditioned media from WeHi-3 cells
(WeHI) as growth factors. After 24 h, the cells were infected with
Murine Stem Cell Viruses (MSCV), MSCV-hdCK3mut-IRES-
YFP or MSCV-IRES-YFP and 1.6 pg/mL of polybrene under
spin conditions (2,500 rpm, 90 min, 30 °C, Beckman CS-6R
centrifuge) and then incubated overnight at 37 °C. Cells were
superinfected the next day, washed, and counted for total cell
number. Six- to 8-wk-old C57BL/6 mice were lethally irradiated
(900 rad) before i.v. injection of 5 x 10° transduced BM cells on
the same day. Each population was ~40-60% transduced, with
each animal transplanted with a mixed population of reporter
and nonreporter cells,

Human HSC Transplant. Hematopoietic stem and progenitor cells
were enriched from Ficoll fractionated cord blood or bone
marrow with CD34+MACS beads (Miltenyi). Cells were thawed
and prestimulated for 24 h in RetroNectin (TaKaRa)-coated
nontissue culture treated 24-well plates (Falcon) in X-VIVO 15
medium (Lonza) containing SCF (50 ng/mL), fms-like tyrosine
kinase-3 (Flt-3) ligand (50 ng/mL), Thrombopoietin (TPO)
(50 ng/mL), and IL-3 (20 ng/mL). The next day, cells were
transduced at a lentiviral vector concentration of 2 x 10% trans-
duction units/mL. Cells were injected 24 h after transduction.
Neonatal (1-3 days old) NOD.Cg-Prkdc*™ 112rg™"™"/S2] mice
were conditioned with 150 ¢Gy total body irradiation. Twenty-four
hours postconditioning, mice were injected intrahepatically with
CD34"-enriched cord blood or bone marrow cells at a dose of 3 x
10° cells in 50 pL of medium,

Anti-hdCK Antibody Generation. Six His-tagged human dCK was
produced in bacteria, purified by Ni-NTA (nickel-nitrilotriacetic
acid) resin chromatography and used as immunogen. Four mice
(BALB/c females 6-8 wk) were immunized by i.p. injection of
200 pg 6 His-hudCK in RIBI adjuvant (Sigma) followed by four
monthly boosts of 100 pg immunogen i.p. in RIBI. Antibody titer
was determined in the serum by ELISA. Spleen of the highest
titer mouse was excised and dissociated. Isolated splenocytes were
fused to the myeloma cell line sp2/0 at a ratio of 5:1 splenocytes/
myeloma using PEG1500 (Roche). Twenty percent of fusion was
plated in hypoxanthine-aminopterin-thymidine medium (HAT
medium) onto 10x flat bottom 96-well plates at 200 pL/well,
the remaining fusion was frozen down. Fusion was cultured
until clones appeared in the wells and covered 25-50% of well.
Supernatant was collected and ELISA performed: 96-well flat
bottom assay plates (Nunc Maxisorp) were coated with 10 pg/pL
immunogen, blocked with PBS 1% (wt/vol) BSA. Supernatants
were applied to wells, goat antimouse HRP was used to detect
binding, and reaction was developed with 2,2"-Azinobis [3-ethyl-
benzothiazoline-6-sulfonic acid]-diammonium salt (ABTS). Positive
wells were replated in 24-well plates in hypoxanthine-thymidine



(HT) medium. ELISA was repeated on previously positive wells
when cultures got 50% confluent. Positive supernatants were
tested for ability to detect immunogen by Western blot at 1:10
dilution in PBST-5% (wt/vol) milk. Positive wells were subcloned
by limiting dilution to obtain single clones per well in 96-well flat
bottom plates. Subclones were tested by ELISA and highest pos-
itives were tested on Western blot. Clones were tested for IHC
staining ability and clone 9D4 (plate 9 well D4) was determined to
be the best in overall performance. Preparative amounts of anti-
body were produced in CELLine-1000 flasks (Integra Bioscience)
and purified by affinity chromatography (protein G sepharose,
Prosep-G; Millipore). Anti-dCK clone 9D4 is now commercially
available with Millipore.

Antibodies and Western Blot. A total of 20 pg of total cell lysate in
RIPA buffer was run on SDS/PAGE using Precise Tris-Hepes
protein gels, 4-20%. Gels were transferred onto (.22 micron ni-
trocellulose and blocked for 1 h at room temperature in 5% (wt/
vol) milk in PBS with 0.05% Tween. Antibodies were diluted in
5% (wt/vol) milk in PBS with 0.05% Tween as follows: dCK (Witte
Laboratory-9D4, see SI Materials and Methods; Millipore) 1:1,000,
YFP (Witte Lab, polyclonal rAb) 1:5,000, ERK2 (Santa Cruz;
SC-154) 1:5,000, goat antimouse IgG HRP (Bio-Rad: 172-1011)
1:10000, goat antirabbit IgG HRP (Bio-Rad; 170-6515)1:15000.
ECL substrate (Millipore) was used for detection and devel-
opment on GE/Amersham film.

Immunohistochemistry. Tissue was fixed in 10% phosphate-buffered
formalin overnight. Sections were fixed in paraffin and cut at 0.4 pm,
with staining for hematoxylin and eosin for representative histol-
ogy every five 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 and visualization was performed
using a liquid DAB™ kit (Dako). Slides were blocked for endoge-
nous peroxidase activity with 3% (vol/vol) H,O, in PBS for 5 min,
then blocked for mouse IgG by using Vector Labs Mouse-on-
Mouse (M.O.M.) kit (BMK-2202). Primary antibodies were di-
luted with M.O.M. diluent as follows: dCK (Witte Lab-94D,
1:2,000), YFP (Witte Lab-Mouse Monoclonal, 1:200), HLA
(Santa Cruz; 1:100), mouse IgG (Santa Cruz; 0.4 pg/pL), and
incubated at 4 °C overnight. Secondary antibody was added
(ImmPRESS antimouse Ig (peroxidase) Polymer Detection kit).

Flow Cytometry and Fluorescent-Activated Cell Sorting. Single-cell
suspensions from spleen, thymus, bone marrow, and peripheral
blood were stained with the following fluorochrome-conjugated
antibodies: anti-CD45.1, anti-CD4, anti-CDS8, anti-Ter119, anti-
CD71, anti-CD11b, anti-GR1, anti-B220, anti-CD19, anti-IgM,
anti-CD43, and Hoechst for cell cycle analysis. Human engraft-
ment was monitored with the following fluorochrome-conjugated
antibodies: anti-hCD43, anti-hCD?3, anti-hCD19, and anti-hCD33.
In all reporter BM chimera animals, reporter-labeled cells were
defined as YFP (FITC channel) positive. Cell sorting was per-
formed on the FACSAria automated cell sorter (BD Biosciences),
and flow cytometry was performed on the BD FACScanto I1.

MicroPET and Image Analysis. Mice were warmed under gas an-
esthesia (2% (vol/vol) isoflurane) and injected i.v. with 200 pCi of
cither ["F]-FDG or ["F]-L-FMAU (radiochemical synthesis
described in ref. 2), followed by 1-h unconscious or 3-h conscious
uptake. Mice were then positioned in an imaging chamber for
sequential imaging with the Siemens Preclinical Solutions Mi-
croPET Focus 220 and MicroCAT II CT systems (Siemens).
MicroPET data were acquired for 10 min and reconstructed with
a filtered background projection probability algorithm. Micro-
PET and CT images were coregistered. Quantification of PET
signal was performed by drawing 3D region of interests (ROIs)
around the area of interest using AMIDE software (http://amide.
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sourceforge.net/). The mean intensity of the ROI, based on the
percent injected dose per gram, was normalized to control grafts
of L1210-10K ROI drawn around untransduced grafts in the
same animal. Data are presented as fold change over L1210-10K
grafts. Images are presented here using a false-color scale that
is proportional to tissue concentration (% injected dose/gram,
%1D/g) of positron-labeled probe. Red represents the highest
with yellow, green, and blue corresponding to lower concentrations.

In Vivo Uptake Assay. BM chimera animals were placed under
anesthesia with 2% (vol/vol) isoflurane in heated chambers. One
microcuric of ['®F]-L-FMAU was injected iv. with 1-h un-
conscious probe uptake. Animals were euthanized and spleen,
femur, tibia, and thymus were removed. Cells were then disso-
ciated into single cell suspension and stained for CD45.1. In each
tissue 200,000 cells of CD45.1, YFP* (donor and reporter la-
beled), or CD45.1 (donor) were sorted. The amount of radio-
activity in each cell type was measured using a Wallac Wizard 3-
Inch 1480 Automatic Gamma Counter (PerkinElmer).

Peripheral Blood Analysis. Peripheral blood was collected through
serial retroorbital bleeds into Capiject EDTA collection tubes
(T-MQK). Complete blood counts were performed by Department
of Laboratory Animal Medicine, University of California, Los
Angeles core laboratory with Hemavet. Engraftment was deter-
mined by flow cytomerty.

Methylcellulose Assay. One hdCK3mut and one YFP BM chimera
animal 6 wk posttransplant were compared with a wild-type SJL
(B6.SJL-Ptprc) mouse for each experiment in three independent
experiments. Bone marrow from both femurs and tibia was ex-
tracted. Total bone marrow was plated in duplicate. FACS was
used to isolate donor cells through sorting CD45.1 positive and
YFP (reporter) positive or YFP negative; cells were plated in
duplicate. Commercial methylcellulose for CFC was used (R&D
Systems). Colonies were analyzed on day 11, and fluorescent
analysis was analyzed by flow cytometry.

Integration Site Analysis. DNA was isolated from FACS-sorted cells
using the PureLink Genomic DNA Mini kit (Invitrogen). Dependent
on availability, 1-100 ng of DNA was used to perform nonrestrictive
linear amplification-mediated PCR (3). Briefly, 100 cycles of linear
amplification were performed with primer HIV3linear (biotin-
AGTAGTGTGTGCCCGTCTGT). Linear reactions were purified
using 1.5 volumes of AMPure XP beads (Beckman Genomics) and
captured onto M-280 streptavidin Dynabeads (Invitrogen Dynal).
Captured single strand DNA was ligated to read 2 linker (Phos-
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3C
spacer) using CircLigase IT (Epicentre) in a 10-pL reaction at 65°
for 2 h. PCR was performed on these beads using primer HIV3-
right (AATGATACGGCGACCACCGAGATCTACACTGA-
TCCCTCAGACCCTTTTAGTC) and an appropriate indexed
reverse primer (CAAGCAGAAGACGGCATACGAGAT-index-
GTGACTGGAGTTCAGACGTGT). PCR products were mixed
and quantified by probe-based gPCR and appropriate amounts
were used to load Illumina v3 flow cells. Paired-end 50-bp se-
quencing was performed on an Illumina HiSEq 2000 instrument
using a custom read 1 primer (CCCTCAGACCCTTTTAGTC-
AGTGTGGAAAATCTCTAGCA). Reads were aligned to the
hg19 build of the human genome with Bowtie (4) and alignments
were condensed and annotated using custom Perl and Python scripts
to locate vector integrations. A custom Python script was written to
assess for overlapping integration sites between different samples,
and a conservative estimate of 5% FACS sorting impurity was used
to set a cutoff to eliminate overlaps with technical causes.

Graphs, Statistics, and Survival Analysis. Graphs are plotted as mean
with SE of mean (SEM) for error bars. Statistics were analyzed



using a Student’s nonpaired 7 test. Survival analysis was plotted in
Graphpad and determined based on overall length of animal

1. lyidogan P, Lutz S (2008) Systematic exploration of active site mutations on human
deoxycytidine kinase substrate specificity. Biochemistry 47(16):4711-4720.

2. Campbell DO, et al. (2012) Structure-guided engineering of human thymidine kinase 2
as a positron emission tomography reporter gene for enhanced phosphorylation of
a non-natural thymidine analog reporter probe. J Biol Chem 287(1):446-454.

A

survival. (Two animals were excluded from survival analysis due
to premature death caused from malocclusion.)

3. Paruzynski A, et al. (2010) Genome-wide high-throughput integrome analyses by
nrLAM-PCR and next-generation sequencing. Nat Protoc 5(8):1379-1395.

4. Langmead B, Schatz MC, Lin J, Pop M, Salzberg SL (2009) Searching for SNPs with cloud
computing. Genome Biol 10(11):R134.

Fig. S1.
lentivirus vector maps used in human HSC experiments.

(A) Vector maps of pMSCV retroviruses used in generating stable ectopic expressing L1210-10K cell lines, and mouse HSC experiments. (B) 2F-X
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Fig. 2. Grafts were excised after ['®F]-L-FMAU MicroPET and were weighed and placed in a gamma counter. Counts were normalized to counts per minute
per gram (cpm/g) and compared with nontransduced tumors for background cpm (P < 0.0001).
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Fig. $3. Additional ['®F]-L-FMAU MicroPET scans at 4 wk postmouse BMT in reporter chimeric mice.
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Fig. S4. Quantification of flow cytometry from hdCK3mut and YFP mHSC recipient mice. (A) Cell cycle analysis by Hoechst staining. (B and C) Analysis of bone
marrow (BM) lineage distribution. (B) Red blood cell development with CD71 and Ter119 staining. Pro EB-CD71", Ter119™; Baso EB-CD71%, Ter119"; Poly/Ortho
EB-CD71 low, Ter119*; RBC-CD71", Ter119". (C) Myeloid and B-cell development Pre B-B220*, CD43"; Pro B-B220*, CD43*; mature B-B220", IgM*. (D) Total
engraftment within the spleen. (E) Thymus engraftment.
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Fig. 5. IHC of mHSC recipient animals of (A) YFP and (B) hdCK3mut at 8 wk post-BMT. Spleen and thymus were analyzed for normal tissue architecture through
H&E. IHC of «-YFP detected vector positive cells in YFP and hdCK3mut. a-dCK detected reporter cells only within hdCK3mut recipient mice. (Scale bar, 10 pm.)
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Fig. S6.

(A) Schematic of MC assay. hdCK3mut or YFP recipients at 6 wk post-BMT were harvested for total bone marrow. (B and C) Representative white and

fluorescent images demonstrate the normal morphology of methylcellulose colonies for hdCK3mut and YFP. (D) Cells were placed in a MC assay, with an aged

matched normal BL6 (CD45.1). (E) Remaining bone marrow was sorted based on CD45.1 YFP* or CD45.1 YFP™ and placed in MC assay. Total colonies were
counted at 12 d postplating. (F) Cells from C were analyzed for retained YFP expression through flow cytometry.

93



15 weeks: [*®F]-L-FMAU 27 weeks: [*8F]-L-FMAU

\“‘

‘|

Fig. S7. Sequential scans of hdCK3mut recipient mice at 15 and 27 wk post-BMT. Reporter signal is observed within the spleen (Sp) and bone marrow (BM).
Probe metabolism is seen within the kidneys (K), gallbladder (GB), and bladder (BI).

Fig. $8. IHC of hdCK3mut recipient hHSC recipient animal. Thymus was analyzed for normal tissue architecture through H&E. IHC of a-hHLA detected total
human engraftment. a-YFP detected vector positive cells with a-dCK detecting hdCK3mut reporter cells. (Scale bar, 50 pm.)

Table S1. Enzyme kinetics for hdCK3mut and hdCKDM with

L-FMAU

L-FMAU
Enzyme Km (1M) Vinaxe NMol/min/ug R?
hdCK3mut 12.681 + 3.893 0.724 + 0.217 0.899
hdCKDM 55.970 + 6.880 1.671 + 0.312 0.975

Enzymatic studies were performed using His-tagged recombinant dCK in
a coupled enzyme assay with LDH/PK. Values are an average of three in-
dependent experiments.
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CHAPTER 4:

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 Kkinase 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 [*®F]-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-y 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-[*®F]fluoro-
3- (hydroxymethyl)butylJguanine  ([*F]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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y 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 [*®F]-L-FMAU in comparison to HLA mismatched tumors. HLA matched
tumors from the F5/hdCK3mut had an increase in [*®F]-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
IRrgtm1WjlISz) (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 naive 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 MARTL1 positive melanoma tumors. M202
express HLA A2.1 and M207 is an HLA mismatched tumor. Engineered T cells can only

recognize the MARTL 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-y) was measured by intracellular flow (Figure 3a). Cytotoxic T cells (CD3, CD8)
produced IFN-y after overnight stimulation indicative of immune cell activation (Figure 3b). No
difference in the quantity of IFN-y levels or the total percentage of activated cells in reporter
labeled versus untransduced cells was detected (Figs. 3b,c). Production of IFN-y in CD8 cells
demonstrates an activated phenotype with proper cytotoxic T cell function. Although
PMAVJionomycin 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-y 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 ['®F]-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-(*8F)fluoro-

D-glucose ([*®F]-FDG), to measure the glycolytic activity of the tumors (Figure 6a,

106



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
[*®F]-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 [*®F]-
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, [*®F]-L-FMAU PET
reporter imaging was performed. [!8F]-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 [*®F]-L-FMAU. Quantification of
the [*®F]-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 [*®F]-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 [*8F]-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 [*®F]-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 [*F]-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 [*®F]-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 [RrgtmiWijliSz) (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)
113



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 mMRNA 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
(muktiplicity 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
TrissEDTA (pH 9) and visualization was performed using liquid DAB+ kit (DAKO, Carpinteria,
CA). Slides were blocked for endogenous peroxidase activity with 3% H,O, 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: o-CD3 (AbCam AB828, use 1:50) (Cambridge, MA), a-CD8
(eBiosciences C8/144B, 5ug/mlL) (San Diego, CA) and incubated at 4C overnight. Secondary
antibody was added (ImMmPRESS Anti-Mouse or Anti-Rabbit 1g (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:
MARTL 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-hlgG, and anti-IFN-y. 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 pCi of either [*®F]-FDG or [*®F]-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 1l 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.
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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 MARTL 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% CO,. Atrtificial 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)

(PMAV/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
(@ 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/lonomycin. Subgate
on CD8 cells shows intracellular IFN-y by intracellular flow cytometry. 1gG Isotype used as a
control for background staining. (b) Percentage of CD8 cells that produce IFN-y shown as mean
with +/- SD. (c) Relative IFN-y 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. (¢) a-CD3 and (d) a-CD8 from representative

sections of M202 or M207 xenografts. (Scale bar is 50uM)

Figure 6: Detection of hdCK3mut engineered TILs by [**F]-L-FMAU PET reporter
imaging. (a) [*°F]-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 [*®F]-FDG images (NS by one way ANOVA) shown as mean +/- SEM
(=3 up to n=7). (c) [**F]-L-FMAU images from F5/hdCK3mut and hdCK3mut recipient
animals. (d) Quantification of the tumor/muscle ratio from [*3F]-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, o-CD3 and a-CD8 from representative sections of M202 (HLA-A*0201") and

M207 (HLA-A*0201") xenografts from hdCK3mut recipients. (Scale bar is 50uM)

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. o-CD3 and a-CD8 from representative

sections of M202 or M207 xenografts. (Scale bar is 50puM)

Supplemental Figure S3: Additional [*®F]-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 [*®F]-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 m 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
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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
(@ 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/lonomycin. Subgate
on CD8 cells shows intracellular IFN-y by intracellular flow cytometry. 1gG Isotype used as a
control for background staining. (b) Percentage of CD8 cells that produce IFN-y shown as mean
with +/- SD. (c) Relative IFN-y 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. (¢) a-CD3 and (d) a-CD8 from representative

sections of M202 or M207 xenografts. (Scale bar is 50uM)
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Figure 6: Detection of hdCK3mut engineered TILs by [®F]-L-FMAU PET reporter
imaging. (a) [*®F]-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 [*®F]-FDG images (NS by one way ANOVA) shown as mean +/- SEM
(=3 up to n=7). (c) [**F]-L-FMAU images from F5/hdCK3mut and hdCK3mut recipient
animals. (d) Quantification of the tumor/muscle ratio from [*®F]-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, o-CD3 and a-CD8 from representative sections of M202 (HLA-A*0201") and

M207 (HLA-A*0201") xenografts from hdCK3mut recipients. (Scale bar is 50uM)

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. a-CD3 and a-CD8 from representative

sections of M202 or M207 xenografts. (Scale bar is 50uM)
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Supplemental Figure S3: Additional [‘®F]-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.
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Supplemental Figure S4: Additional [*®F]-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 Ilentiviral 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 ,7.3sMART-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-
[*8F]-fluoro-3-[hydroxymethyllbutyl)guanine ([*®F]-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 37°C 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] FIt3-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 **’Cs 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 1x1076 splenocytes, 1x1076 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 157-16sNY-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

[*®F]-FHBG was synthesized as described(42). Mice were injected IV with 250pCi [*8F]-
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 drawmng 3D regions of iterest (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 ROl 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).
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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 157.16sNY-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 157.165sNY-ESO-1
peptide. Controls were generated from healthy adult donor peripheral blood T-cells activated by
CD3/CD28 bheads and transduced with the ESO/TK wvector 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. °'Chromium 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 [*®F]-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 [‘®F]-
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 [*®F]-FHBG before and after
treatment with the prodrug Ganciclovir (GCV) followed by investigation of cell composition by
cel- 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 250pCi [*®F]-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 [*®F]-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 (Gl), 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
[*®F]-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 Gl
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 [*®F]-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 [*F]-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 wvehicle 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 |
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 [*®F]-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 [*®F]-FHBG as a probe with the HSV-sr39TK PET reporter gene was previously
determined to be 1x107"6 cells/mm*3(47). The thymus of a well-engrafted humanized mouse is
populated by approximately 2.5x1076 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. 1t 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

157



transduced or mock transduced normal donor PBMCs. °!Cr release assays were performed on
(A,B) splenocytes from ESO/TK humanized mice (msl 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) IFNy 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 [*®F]-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 [*®F]-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 Gl 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 wvehicle showed no significant difference between pre- and post-treatment scans
(P=0.402). (D) There was a significant decrease in [‘®F]-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, wvehicle 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
35.44+10.60% 32.00+2.97%
(% of lymphocytes)
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 0.5uCi [*®F]-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. ROl 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

[*®F]-FHBG uptake in the hematopoietic niches of ESO/TK mice compared with mock
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transduced controls. (C) [*®F]-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 [*®F]-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 2" 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
diafittration 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 I1RrgtmiWjl Tg(HLA-A/H2-
D/B2M)1Dvs/Sz), 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 0.5uCi [*®F]-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 CIinIMACS 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 5.0x1076 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 Dral per reaction was digested for 1lhr 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
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flow cytometry at 2 months post-transplant.

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. °!Cr release assays were performed on
(A,B) splenocytes from ESO/TK humanized mice (msl 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) IFNy ELISA was performed

to validate results from cytotoxicity assays.

166



5

Adult Humanized PET/CT Ganciclovir PET/CT Harvest
NSG-A2.1 Mouse ['8F]-FHBG 5d ['8F]-FHBG

LA
»

3
.

& >3
é! h}

Non-Humanized Non-Transduced ESO/TK-Transduced
PBSC Humanized

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 [*®F]-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 [*®F]-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 Gl 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 wvehicle showed no significant difference between pre- and post-treatment scans
(P=0.402). (D) There was a significant decrease in [*®F]-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.
splenocytes from non-transduced humanized, wvehicle 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
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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 0.5pCi [*®F]-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. ROl Analysis. (A) Schematic of ROIs drawn on PET imaged mice. 3d
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determine probe uptake and arm muscle for background subtraction. (B) There was significant
[*®F]-FHBG uptake in the hematopoietic niches of ESO/TK mice compared with mock
transduced controls. (C) [*®F]-FHBG uptake in non-transduced humanized mice before and after

GCV treatment.
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The noninvasive detection and quantification of CD8" T cells in
vivo are important for both the detection and staging of CD8"
lymphomas and for the monitoring of successful cancer immuno-
therapies, such as adoptive cell transfer and antibody-based immu-
notherapeutics. Here, antibody fragments are constructed to target
murine CD8 to obtain rapid, high-contrast immuno-positron emis-
sion tomography (immuno-PET) images for the detection of CD8 ex-
pression in vivo. The variable regions of two anti-murine CD8-
depleting antibodies (clones 2.43 and YT5169.4.2.1) were sequenced
and reformatted into minibody (Mb) fragments (scFv-Cy,3). After pro-
duction and purification, the Mbs retained their antigen specificity
and bound primary CD8* T cells from the thymus, spleen, lymph
nodes, and peripheral blood. Importantly, engineering of the
parental antibodies into Mbs abolished the ability to deplete
CD8"* T cells in vivo. The Mbs were subsequently conjugated to
S-2-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic
acid for ®*Cu radiolabeling. The radiotracers were injected i.v.
into antigen-positive, antigen-negative, immunodeficient, antigen-
blocked, and antigen-depleted mice to evaluate specificity of uptake
in lymphoid tissues by immuno-PET imaging and ex vivo biodistri-
bution. Both **Cu-radiolabeled Mbs produced high-contrast immuno-
PET images 4 h postinjection and showed specific uptake in the
spleen and lymph nodes of antigen-positive mice.

he rapid increase of therapeutic antibodies approved by the

US Food and Drug Administration (FDA) and those cur-
rently in phase I-IIT clinical trials for oncological, autoimmune,
and inflammatory diseases, among other conditions, has benefited
from advances in antibody engineering, protein conjugation chem-
istry, and biomarker identification (1-3). Concurrently, immuno-
PET imaging agents based on intact antibodies have shown promise
both preclinically and clinically for the detection of cancer in
vivo (4). Noninvasive detection of specific biomarkers of dis-
ease can provide crucial information for diagnosis, prognosis,
response to therapy, dosage for radioimmunotherapy, and tar-
geted therapy selection.

Although much progress has been made in the immuno-PET
detection of oncological markers (4), the noninvasive monitoring
of immune cells in the fields of oncology, autoimmunity, and
infection remains challenging. Practiced methods for lymphocyte
detection include isolation of cells from the peripheral blood or,
less commonly, the tissue of interest. However, the invasive tissue
sampling methods are prone to error and do not provide dynamic
information that reflects the number, location, and movement of
lymphoid cells. Therefore, problems still exist for the evaluation
of immunotherapy protocols due to the lack of effective methods
to monitor the extent and duration of the therapy.

Current methods to monitor immune cells noninvasively using
emission tomography include direct cell labeling, reporter genes,
small-molecule PET tracers, and radiolabeled intact antibodies.
The ex vivo direct labeling of immune cells with PET or single-
photon emission computed tomography probes before subse-
quent reinjection and imaging has enabled in vivo trafficking of
lymphocytes (5, 6). However, this method has inherent limitations,

such as radioisotope t,;, and cell division in vivo that lead to
probe dilution. Reporter gene imaging, whereby cells are trans-
fected with a PET reporter gene that encodes a protein specif-
ically targeted via a radiolabeled reporter probe (7, 8), has been
used to image adoptive cell transfer of transduced T-cell re-
ceptor-engineered lymphocytes (9). Reporter gene imaging
allows for longitudinal tracking of cells but relies on the ex vivo
transfection of cells and, for clinical translation, the development
of nonimmunogenic PET reporter proteins (8).

In another approach, small-molecule PET probes targeting
metabolic pathways, including ['“F]-fluorodeoxyglucose (['F]
FDG), ['"*F]-fluorothymidine (['"*F|]FLT), and ["*F]-1-(2-doexy-2-
fluoro-arabinofuranosyl)-cytosine (|'"*F|FAC), all have the po-
tential to monitor diverse cell types of both innate and adaptive
immunity noninvasively (reviewed in ref. 10). Clinically, [“‘F]
FDG-PET has been used to evaluate inflammation in a range of
diseases. However, in the context of immune cell detection in
oncology, false-positive signals can arise from the utilization of
glycolysis in both cancerous and immune cells, both innate and
adaptive, in the tumor itself or in the draining lymph nodes (11,
12). ["FJFLT-PET accumulates in highly proliferative tissues,
and most research has been focused on cancer detection. ['*F]
FLT-PET suffers from high uptake in proliferating bone marrow,
therefore limiting detection of lesions in bone. However, ['*F]
FLT-PET was used clinically to detect eytotoxic T-lymphocyte
antigen-4 blockade-induced cell replication in the spleens of
patients with melanoma (13) and, more recently, to detect an-
tigen-specific immune responses in patients with melanoma who
have lymph node metastases using dendritic cell therapy (14).
["*F]FAC-PET can distinguish between innate and adaptive
immune cells due to the up-regulation of deoxycytidine kinase in
proliferating T cells, but the uptake in a Moloney murine sar-
coma virus/murine leukemia virus complex-induced sarcoma
model was limited to proliferating T cells in the draining lymph
nodes and spleen (15). Therefore, like the other metabolic tracers
FDG and FLT, FAC uptake due to activation-induced T-cell

Significance

Anti-CD8 immuno-PET imaging agents provide the potential to
monitor the localization, migration, and expansion of CD8-
expressing cells noninvasively in vivo. Shown here is the suc-
cessful generation of functional anti-CD8 imaging agents based
on engineered antibodies for use in a variety of preclinical
disease and immunotherapeutic models.
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Fig. 1. Mb construction and epitope specificity are shown. (A) Anti-CD8

2.43 and YTS169 Mbs contain the rat V-V, separated by an 18-aa linker,
followed by the murine IgG2a hinge (h), murine Cy3, and a C-terminal
hexahistidine (HisTag). (B) Murine CD8« (Lyt2) is expressed as two isoforms,
Lyt2.1 and Lyt2.2, that differ in a single amino acid, and it is restricted to
specific mouse strains. The 2.43 Mb binds CD8a only in Lyt2.2* mouse strains,
whereas the YTS169 Mb binds CD8« in all mouse strains.

proliferation is restricted to the draining lymph nodes and was
unable to image tumor T-cell infiltration (15). This makes immuno-
PET imaging using antibody fragments targeting specific immune
cell antigens (i.e., CD8 expressed on cytotoxic T cells and CD4
expressed on helper T cells) potentially critical for immunother-
apeutic diagnosis, because the expression of CDS8 is present on all
cytotoxic T cells and binding is not proliferation-dependent.

Intact antibodies have relatively long serum #,,s (1-3 wk)
compared with their engineered counterparts, such as the diabody
and minibody (Mb), which have terminal ¢, »s that range from 2 to
5 h and from 5 to 12 h, respectively (16). Although decreasing the
total uptake in tumors, the rapid clearance of engineered antibody
fragments allows for higher tumor-to-background images at earlier
times postinjection (p.i.). This not only allows for the potential of
same-day imaging but reduces the overall radiation dose. Fur-
thermore, engineered diabody and Mb fragments are biologically
inert because they lack Fc effector functions. Intact antibodies
have been used previously to image T cells in patients with a range
of disorders (reviewed in ref. 17). The majority of these studies use
planar gamma imaging using therapeutic intact mouse anti-human
antibodies. The expanding knowledge of the importance of im-
mune cell subtypes in diseases and the improvements in antibody-
based immuno-PET imaging indicate that antibody-based imaging
of immune cells in vivo should be revisited.

In this report, we develop two anti-murine CD8 Mbs (Fig. 14)
for the detection of CD8 expression. Murine CD8 is a cell surface
glycoprotein expressed mainly on a subset of T cells known as
cytotoxic T cells and a subset of dendritic cells. Functional CDS8 is
expressed as either the homodimer CD8wxa or the heterodimer
CD8ap of the two isoforms of CDS8, a and p. Mice have two
alleles for CD8a, Lyt2.1 and Lyt2.2, which are restricted to cer-
tain mouse strains. Lyt2.1, for example, is expressed in the mouse
strains CBA, AKR, C3H, and DBA, whereas Lyt2.2 is expressed
in the mouse strains BALB/c and C57BL/6 (B/6). The difference
between Lyt2.1 and Lyt2.2 is a methionine (Lyt2.2)-to-valine
(Lyt2.1) substitution at residue 78 of the mature CD8« (Fig. 1B).

In this study, the parental antibodies from the hybridomas YTS
169.4.2.1 (YTS169) and 2.43 were engineered into Mb fragments
(Fig. 14). Both the YTS169 and 2.43 antibodies bind mCD8«
(Lyt2). However, they differ in that the YTS169 antibody binds
both Lyt2.1 and Lyt2.2, whereas the 2.43 antibody binds an epi-
tope that is Lyt2.2-specific (Fig. 1B). These newly engineered
Mbs retained their antigen specificity, as shown by flow cytometry
and **Cu immuno-PET imaging. Most importantly, both the 2.43
and YTS169 Mbs produce high-contrast immuno-PET images of
CD8* lymphoid organs at only 4 h p.i. This report details suc-
cessful antibody fragment-based immuno-PET detection of CD8
expression in vivo.

Results

Sequencing Variable Regions of Parental Rat Anti-murine CD8
Antibodies. RT-PCR was repeated until at least two individual
experiments produced three replicates of the same sequence for the
Vi and V; domains for each hybridoma for sequence assurance.
For further sequence validation of hybridoma 2.43, the Vi and V|,
from RT-PCR sequences were confirmed with tryptic digest mass
spectrometry (MS) of the parental antibody. Vi amino acid cov-
erage was 35% (41 of 117), including the complete complementarity-
determining region 1 (CDR1) and half of CDR2, and V, amino
acid coverage was 62% (66 of 107), including both CDR2 and
CDR3. For YTS169, no MS sequence verification was performed.

Production and Characterization of Mb Fragments. Mb purification
from NSO supernatant was performed using nickel-nitrilotri-
acetic acid (Ni-NTA) columns and imidazole elution (Fig. S14).
SDS/PAGE showed that the Mb eluted between 25 and 45 min
(Fig. S1B). The yields of the 2.43 and YTS169 Mbs were 6.6 and
8.9 mg/L, respectively. Purified protein was then analyzed on
Superdex 200 size exclusion chromatography (SEC) and com-
pared with reference standards to confirm assembly, purity, and
dimerization (Fig. S1C). The 2.43 and YTS169 Mbs are purified
as 81% or 23% 80-kDa dimers, respectively, as calculated by
peak areas, with the remaining 19% and 77% eluting as higher
molecular-weight multimers.
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Fig. 2. The 2.43 Mb retains Lyt2.2 antigen specificity. Primary cells isolated
from the peripheral blood, thymus, spleen, and lymph nodes of B/6 and C3H
mice were stained with phycoerythrin (PE)-anti-CD4 and either a commercial
FITC-anti-CD8 antibody (A) or the Lyt2.2-specific FITC-2.43 Mb (B). The lack
of CD8-FITC staining in Lyt2.1" C3H mice shows the 2.43-Mb specificity for
Lyt2.2" B/6 mice.
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Fig. 3. Anti-CD8 Mb does not deplete CD8-expressing cells in vivo. B/6 mice
were treated for three consecutive days with either 330 pg of anti-CD8
depleting antibody (clone 53-6.7) injected i.p. (A) or 250 pg of 2.43 Mb injected
i.v. (B). Cells were then isolated from the peripheral blood, thymus, spleen,
and lymph nodes for staining with anti-CD4-PE and FITC-conjugated 2.43 Mb.

Flow cytometry confirmed epitope specificity of the Mb frag-
ments. The murine CD8" T-cell lymphoma lines BW58 (Lyt2.2")
and TK-1 (Lyt2.1") were stained with either 2.43 or YTS169 Mb,
followed by anti-mouse IgG2a-phycoerythrin (Fig. S1D). To
demonstrate further the epitope specificity of the 2.43-Mb
construct, the 2.43 Mb was conjugated to FITC at a 1.4:1 ratio
of fluorescein/Mb. Single-cell suspensions from the peripheral
blood, thymus, spleen, and lymph nodes of B/6 (Lyt2.2%) or
C3H (Lyt2.1*) mice were stained with either the FITC-2.43
Mb or a commercial FITC-anti-CD8 antibody and anti-CD4
(Fig. 2). The 2.43 Mb shows comparable binding to cells isolated
from antigen-positive Lyt2.2 B/6 mice and does not bind CD8 in
primary cells from various organs of the antigen-negative Lyt2.1
C3H mice.

To determine the affinity of both the 2.43 and YTS169 Mb, a
recombinant soluble CD8ap (sCD8af) heterodimer fusion pro-
tein was constructed by removing the transmembrane domains of
both CD8a and CDS8p and fusing them with a 29-aa o-helical
linker. The soluble antigen was purified using Ni-NTA affinity
chromatography, followed by SEC (Fig. S2). Solution-phase
binding of the 2.43 and YTS169 Mbs to the purified sCD8af

antigen was first confirmed by SEC. Briefly, equimolar amounts
of soluble antigen and the Mb in question were incubated for 5
min in PBS before SEC analysis. All Mb peaks eluted 2.8-3 min
earlier in the presence of sCD8af, confirming Mb and antigen-
bound complexes of a larger size. Additionally, the Mb multimer
detected by size exclusion eluted 2.5-2.8 min earlier (Fig. S3).

Surface plasmon resonance kinetic analysis was performed
using Biacore 3000 (Precision Antibody, Inc.) with immobilized
Mb and soluble monomeric sSCD8ap. The equilibrium constants
(Kgs) for 2.43 and YTS169 were 34 and 33 nM, respectively. A
full analysis is provided in Fig. S4.

In Vivo Depletion. Single-cell suspensions from the spleen, pe-
ripheral blood, thymus, and lymph nodes of WT B/6 mice, B/6
mice treated with a CD8-depleting antibody, or B/6 mice treated
with the 2.43 Mb were analyzed by flow cytometry for effective
CDS8 depletion (Fig. 3). Mice treated with the depleting antibody
showed >95% loss of CD8" leukocytes, whereas mice treated
with the 2.43 Mb did not show a reduction in CD8" leukocytes.

NOTA Conjugation and Radiolabeling. Following conjugation of
both 2.43 and YTS169 Mb to S-2-(4-Isothiocyanatobenzyl)-1,4,7-
triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-NOTA) and %4Cu
radiolabeling, ®Cu incorporation was consistently >80% and the
radiochemical purity was >98% after spin column purification (n =
10 radiolabelings). The immunoreactive fraction of the *Cu-NOTA
Mbs ranged from 65 to 75%. The specific activity was between 295
and 370 MBg/mg (8-10 mCi/mg), and mice were injected with 2.6—
2.9 MBq (70-80 pCi) i.v.

Immuno-PET and ex Vivo Biodistribution. Due to the specificity for
Lyt2.2, WT B/6 (Lyt2.2*) mice were initially imaged with **Cu-
NOTA-2.43 Mb (Fig. 4). High-contrast immuno-PET images
showed a high percent-injected dose per gram of tissue (%ID/g)
uptake in the spleen, lymph nodes, and liver of the antigen-positive
B/6 mice, and ex vivo biodistribution confirmed uptake of 75 +
8.5%ID/g, 27 + 7.9%D/g, and 57 + 11%ID/g, respectively (Table 1).
When injected into antigen-negative Lyt2.1 C3H mice, the **Cu-
NOTA-2.43 Mb showed similar %ID/g uptake in the liver and five-
to ninefold reduced uptake in the spleen (15 + 2.3%ID/g) and lymph
nodes (2.7 + 0.71%ID/g) compared with the B/6 mice (Fig. 54 and
Table 1). The average %ID/g blood after only 4 h in B/6 and C3H
mice was 0.90 + 0.14%ID/g and 1.3 + 0.10%ID/g, respectively.

To confirm the radiotracer uptake of **Cu-NOTA-2.43 Mb in
antigen-negative C3H mice, the **Cu-NOTA-2.43 Mb was
injected into immunodeficient NOD.Cg-Prkdc*™ I12rg™"7"/SzJ
(NSG) mice that lack mature T cells, B cells, and natural killer
cells. Immuno-PET images and ex vivo biodistribution in NSG
mice were very similar to those of the ®**Cu-NOTA-2.43 Mb in

Fig. 4. Immuno-PET imaging of %Cu-NOTA-2.43
Mb 4 h p.i. is shown. Immuno-PET/CT images were
acquired 4 h after i.v. injection in B/6 mice. The
white arrows (2-mm transverse MIPs) are used to
highlight uptake in various lymph nodes (Right) and
the spleen seen in the whole-body 20-mm coronal
MIPs (Left). A.LN, axillary lymph nodes; B, bone; C.
LN, cervical lymph nodes; ILN, inguinal lymph
nodes; Li, liver; MIPs, maximum intensity projec-
tions; P.LN, popliteal lymph nodes; Sp, Spleen.

0.4%ID/g

183



Table 1. Ex vivo biodistribution analysis of **Cu-NOTA-2.43 Mb 4 h p.i. in Lyt2.2* B/6 mice, Lyt2.1* C3H mice, NSG
SCID mice, antigen-blocked B/6 mice, and antigen-depleted B/6 mice

%ID/g
Organ WTB6(n=6) WTQCH((n=3) NSG (n = 3) B/6 + block (n =3) B/6 + depletion (n = 3)
Blood 0.90 + 0.14 1.3 + 0.10** 0.89 + 0.13 2.1 + 0.31%** 1.9 + 0.10***
Axillary lymph nodes 27 +7.9 2.7 + 0.71** N/A 50 + 1.3** 45 + 2.7**
Spleen 75+ 85 15id2.3%** 131 3190 %% 18 + 1.9%** 15 + 1.0%**
Stomach 1.1+ 0.42 1.1+0.11 043 + 0.11* 1.0 £ 0.09 1.6 + 0.92
Intestines 3.8 +0.58 3.2 +0.17 1.1 + 0.04*** 43 +0.47 34+073
Liver 57+ 1 47 + 1.6 38 + 1.0* 71+£1.2 59 + 6.5
Kidneys 5.6 + 0.72 5.8 +£0.72 3.8 + 0.26** 7.0 + 0.31* 6.4 + 0.50
Thymus 0.89 + 0.63 0.46 + 0.05 2.2 + 0.89* 1.8 +0.42 1.1 + 0.46
Heart 1.6 £ 0.22 2.3 + 0.09** 1.3 +0.15 3.1 £ 0.36%** 2.7 + 0.19***
Lungs 33+13 2.3 + 0.61 1.2 +0.11 3.1 £0.05 2.4 +0.48
Muscle 0.16 + 0.03 0.15 + 0.01** 0.15 + 0.03 0.42 + 0.06*** 0.3 + 0.06**
Bone 82+25 4.0 + 0.34* 3.6 + 0.49* 9.2 +0.7 9.0+ 15
Carcass 091 + 0.15 0.83 + 0.04 0.53 + 0.03** 1.4 £ 0.12** 1.3 £ 0.13**

Values are represented as mean + SD. *P < 0.05; **P < 0.005; ***P < 0.0005. N/A, not applicable.

antigen-negative C3H mice, confirming the high liver uptake as
unspecific hepatic clearance of the radiolabeled Mb (Fig. 54 and
Table 1).

For the YTS169 Mb, the radiolabeling, specific activity, and
immunoreactive fraction were similar to those of the “*Cu-NOTA-
2.43 Mb. The immuno-PET imaging and ex vivo biodistributions in
WT B/6 mice using the *Cu-NOTA-YTS169 Mb were similar to
those of **Cu-NOTA-2.43 Mb in B/6 mice (Fig. 5B and Table 2).
Interestingly, the %ID/g in the liver and spleen of the **Cu-
NOTA-YTS169 Mb in C3H mice is reduced by 29% and 48%,
respectively, compared with B/6 mice (Fig. 5B and Table 2).

Finally, the **Cu-NOTA-2.43 Mb was injected into B/6 mice
that were blocked with coinjection of 80 pg (4 mg/kg) cold 2.43
Mb or had received anti-CD8 antibody depletion therapy (16 mg/kg
for three consecutive days). Immuno-PET images and ex vivo
biodistribution acquired 4 h p.i. of antigen-blocked and antigen-
depleted mice (Fig. 6 B and C and Table 2) showed similar uptake
in the spleen (18 + 1.9%ID/g and 15 + 1.0%ID/g, respectively)
and lymph nodes (5.0 + 1.3%ID/g and 4.5 + 2.7%ID/g, respectively)
relative to the antigen-negative C3H and NSG mice. CDS8 de-
pletion was confirmed using flow cytometry as described above.

Discussion

The two anti-CD8 Mbs developed here for **Cu immuno-PET
imaging of CD8 expression retain their respective antigen spe-
cificities following engineering to the Mb format. Both produced

B

B/6

n
OAO/DID/g
Li

at high yields in mammalian cell culture and could be purified using
one-step immobilized metal affinity purification. In vivo studies
demonstrated that both Mbs target the spleen and lymph nodes of
antigen-positive mice. The lymph node uptake determined from
the PET images is lower than the ex vivo biodistribution values due
to the partial volume effect encountered when imaging small
objects near or below the spatial resolution of the PET scanner
(1.5 mm for the Inveon scanner). It has been calculated that
a naive lymph node contains ~10° cells (18) and that 7-12% of
the leukocytes in the lymph node are CD8*. This would suggest
that we are able detect an estimated 70,000-120,000 CD8" cells
in a mouse lymph node. We have also demonstrated that our
engineered antibody fragments lacking the full Fc domain do not
deplete CD8™ T cells in vivo, a critical feature in the development
of a biologically inert imaging agent targeting immune cells. Mbs
lacking the C2 domain do not have effector functions because
they cannot bind Fcy receptors. However, further studies need to
be performed to see if CD8 cross-linking due to the bivalent
nature of the Mb activates CD8" T cells in vivo.

Due to the low blood activity at only 4 h p.i., immuno-PET
images were acquired at relatively early times p.i. compared with
other Mb fragments. The 2.43 and YTS169 Mbs have 0.3-0.9%
ID/g in the blood of antigen-positive mice when other reports
indicate 6-7.5%ID/g at 6 h p.i. (19). The rapid clearance of the
anti-CD8 Mbs could be due not only to the reduced size of the
Mb compared with the intact antibody, but to the abundance of

C3H

11%ID/g

Fig.5. Immuno-PET imaging of ®*Cu-NOTA-2.43 Mb
and %*Cu-NOTA-YTS169 Mb shows in vivo specificity
of the 2.43 Mb to Lyt2.2* mice. (A) **Cu-NOTA-2.43
Mb was injected into B/6, C3H, and NOD SCID
gamma mice for immuno-PET imaging 4 h p.i. (B)
54Cu-NOTA-YTS169 Mb was injected into B/6 and
C3H mice for immuno-PET imaging 4 h p.i. Solid
white arrows (Upper; 20-mm coronal MIPs) indicate
where the transverse images (Lower; 2-mm MIPs) are
acquired. Hollow white arrows indicate the location
of the spleen.
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Table 2. Ex vivo biodistribution analysis of **Cu-NOTA-YTS169 Mb 4 h p.i. in Lyt2.2* B/6 mice

and Lyt2.1* C3H mice

%ID/g %ID
Organ WT B/6 (n = 3) WT C3H (n = 3) WT B/6 (n = 3) WT C3H (n = 3)
Blood 0.33 + 0.07 0.25 + 0.01 N/A N/A
Axillary lymph nodes 51+ 1.1 5.8 + 0.66 0.04 + 0.01 0.09 + 0.01*
Spleen 49 + 35 26 + 1.7** 2.7 +0.10 2.4 + 0.06
Stomach 0.76 + 0.20 0.40 + 0.15 0.26 + 0.04 0.17 + 0.02
Intestines 2.8 +0.21 23+ 034 33+044 3.0 +0.39
Liver 60.4 + 1.5 43 + 2.2** 39+1.0 38 +5.0
Kidneys 3.8 +0.76 2.6 +0.20 0.77 + 0.21 0.69 + 0.02
Thymus 0.31 + 0.03 0.33 + 0.09 0.01 + 0.001 0.01 + 0.002
Heart 0.81 + 0.02 0.90 + 0.07 0.07 + 0.002 0.08 + 0.01
Lungs 2.1 +0.20 1.9 +0.11 0.22 + 0.03 0.26 + 0.02
Muscle 0.09 + 0.01 0.06 + 0.01** 0.01 + 0.001 0.01 + 0.001
Bone 7.2 + 0.81 3.06 + 0.28* 0.38 + 0.03 0.23 + 0.004*
Carcass 0.69 + 0.05 0.53 + 0.01* 8.5 + 0.59 8.8 + 0.05

Values are represented as mean + SD. *P < 0.05; **P < 0.005. N/A, not applicable.

naturally expressed CDS8 antigen throughout the body, termed
the antigen sink. This results in rapid accumulation of the ra-
diotracer in organs outside of the blood but makes imaging
nonantigen sink organs (i.e., a tumor) difficult. The rapid bi-
ological t,, of these novel Mbs, however, is well matched to the
intermediate physical ¢, of ®Cu (12.7 h) immuno-PET radio-
nuclide compared with other positron emitters, including '*F
(1.8 h), "**1 (100.2 h), and *Zr (78.4 h).

Recent studies imaging CD20 in a human CD20-expressing
transgenic mouse model using *'Cu- or **Zr-radiolabeled ritux-
imab mimic the targeting ability of the CD8 Mbs in vivo because
the abundance and location of CD8 and CD20 antigen expres-
sion are similar in vivo (20, 21). Unlike the work presented here,
the radiolabeled rituximab is still biologically active and not ideal
for imaging studies. Engineering rituximab to other antibody
formats could decrease the Fc-dependent biological activity of
the imaging radiopharmaceutical (22, 23). In the context of

A B B/6 C B/6
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Fig. 6. Immuno-PET imaging of ®*Cu-NOTA-2.43 Mb in antigen-blocked and
antigen-depleted B/6 mice is shown. Immuno-PET images were acquired 4 h
p.i. of #*Cu-NOTA-2.43 Mb into: WT B/6 (A), B/6 mice blocked with 4 mg/kg of
cold Mb (B), and B/6 mice treated with an anti-CD8-depleting antibody (C).
Solid white arrows (Upper, 20-mm coronal MIPs) indicate where the trans-
verse images (Lower, 2-mm MIPs) are acquired. (Lower) Hollow white arrows
indicate the location of the spleen.

tumor targeting, this antigen sink has been overcome by blocking
endogenous target with cold antibody either during (bolus in-
jection) or before (predosing/blocking injection) administration
of the radiotracer. Blocking studies were performed in the human
CD20 transgenic model that resulted in an increased radiotracer
blood ¢,/ that could greatly influence the ability to target CD20*
B-cell lymphomas in vivo. In fact, the FDA-approved radio-
immunotherapeutic Zevalin, a *’Y-radiolabeled anti-CD20 anti-
body, requires a predose of cold rituximab to block accumulation
of the ™Y radioimmunotherapeutic in the spleen and to increase
targeting of lymphoma cells (24).

The technique of bolus or predosing injections has proven im-
portant for targets other than immunological cell surface molecules
where antigen sinks exist. Bolus injections were used recently, for
example, in an **Zr-radiolabeled trastuzumab immuno-PET study
that required high doses for reliable targeting in patients due to shed
extracellular domain of HER2 in the plasma (25). Also, both '"'In-
radiolabeled anti-EGF receptor and anti-VEGF receptor antibodies
demonstrated high lung and/or liver uptake that could be reduced
and tumor uptake enhanced when higher protein doses were injected
(26, 27). Furthermore, the concept of blocking the antigen sink has
repercussions in the field of therapeutic antibody—drug conjugates.
For example, predosing injections were used to block the antigen
sink of tomoregulin, or TENB2, a transmembrane protein over-
expressed in prostate tumors, to increase the therapeutic index of the
monomethyl auristatin E-conjugated anti-TENB2 antibody (28).
This study also highlights the fine balance between efficient blocking
of the antigen sink vs. displacing the tumor uptake. The ability of
these anti-CD8 Mb fragments to image either CD8" lymphomas or
tumor-infiltrating CD8™ T cells, for example, might rely on efficiently
blocking the antigen sink for consistent targeting.

The rapid clearance of the anti-CD8 Mbs could also be due to
the presence of multimers, causing increased liver uptake at early
time points. At 4 h p.i., the CD8 Mbs have ~60-70%ID/g in the
liver, compared with other **Cu-radiolabeled Mbs that range from
15 to 32.4%1D/g at 4-5 h p.i (19, 29). Nonspecific liver uptake
and retention occur when using **Cu due to the transchelation of
copper to enzymes in the liver (30). However, an Mb dimer (~160
kDa) is similar in size to an intact antibody but lacks the full Fc
domain that allows for neonatal Fc receptor recycling. When in-
jected with **Cu-NOTA-YTS169 Mb, both B/6 and C3H mice showed
decreased uptake in lymph nodes, spleen, and blood compared with
the **Cu-NOTA-2.43 Mb. This could be attributed to the higher
amount of multimer in the YTS169 Mb than in the 2.43 Mb, as
shown by SEC, accelerating hepatic clearance and resulting in
a decreased blood ¢, and lower ability to target lymph nodes. It
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should be noted that the Mb multimers of both YTS169 and 2.43
importantly retain their ability to bind sCD8af}, as shown by SEC.
Potential aggregation/dimerization due to inter-Vy-V; binding can
be reduced, for example, by engineering two cysteines that stabilize
the interaction between Vi and Vi, among other methods (31, 32).
The **Cu-NOTA-YTS169 Mb that binds both Lyt2.1 and
Lyt2.2 expressed in different mouse strains showed varying up-
take in the spleens and livers of B/6 and C3H mice. In this study,
however, the C3H mice were 20 wk old and the B/6 mice were
8 wk old, with average spleen and liver weights of either 96 + 9 mg
and 883 + 43 mg or 54 + 3 mg and 653 + 10 mg, respectively.
Therefore, the weights of the organs greatly affect the %ID/g,
and the actual %ID per organ 4 h p.i. is similar in the spleen and
liver (Table 2). This highlights an important fact that %ID/g
values are not consistent for every experiment but are very re-
producible within groups of mice of the same age and weight.
The development of these anti-CD8 immuno-PET radiotracers
will be beneficial for studying a host of preclinical disease models,
including, but not limited to, lymphoma detection and tumor
T-cell infiltration. Preclinical immunotherapy models enhancing
the dynamic function and proliferation of cytotoxic T cells could
potentially be monitored noninvasively in vivo using immuno-PET.
Furthermore, the lessons learned in a preclinical setting will prove
beneficial for the development and translation of anti-human CD8
antibody fragments for immuno-PET imaging in the clinic.

Conclusion

Described here is the successful development of functional CD8
imaging agents based on engineered antibodies for immuno-PET
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imaging in a variety of preclinical disease and immunotherapeutic
models. Two allele-specific Mb fragments were produced, charac-
terized, radiolabeled with **Cu, and used in micro-PET imaging to
quantify uptake in lymphoid organs in WT mice in vivo. Examining
antibody-based immuno-PET imaging of mouse CD8 expression is
useful not only for immuno-PET imaging of preclinical models of
CD8-based immunotherapy, but it has further implications for the
development of an anti-human CD8 antibody or fragment-based
immuno-PET imaging agent that is translatable to the clinic.

Materials and Methods

Animal studies were approved by the University of California, Los Angeles
(UCLA) Chancellor’s Animal Research Committee. Mice were purchased
from Jackson Laboratory. Detailed information on animals, cloning, Mb
and recombinant antigen design, protein expression and purification,
protein conjugation, flow cytometry, depletion assays, radiolabeling,
immuno-PET imaging, biodistribution, and data analysis can be found in
SI Materials and Methods.
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SI Materials and Methods

C57BL/6, C3H, and NOD.Cg-Prkdc*™ 112rg"™""/Sz] (NSG)
mice were ordered from the Jackson Laboratory and housed and
maintained by the Department of Laboratory Animal Medicine
at the University of California, Los Angeles (UCLA). Protocols
for all animal studies were reviewed and approved by the UCLA
Chancellor’s Animal Research Committee.

Determination of Vy and V, Sequences from Parental Hybridomas.
The YTS 169.4.2.1 (YTS169) hybridoma was obtained from
the Therapeutic Immunology Group at Oxford University and
cultured in Iscove’s modified Dulbecco’s medium (American
Type Culture Collection) plus 10% FBS and penicillin/strepto-
mycin (Pen/Strep) (1). The 2.43 hybridoma was obtained from
the American Type Culture Collection (TIB-210) and cultured in
DMEM (Mediatech, Inc.) plus 10% FBS and Pen/Strep. Vi and
V. sequences were obtained by RT-PCR using primers pub-
lished by Diibel et al. (2). RNA was isolated from hybridomas
grown in culture using the Quick-RNA MicroPrep kit (Zymo
Research) according to the manufacturer’s instructions. Freshly
isolated RNA was immediately used for RT-PCR using a com-
bination of primers as reported by Diibel et al. (2) for the heavy-
chain FR1 region (Bi3, Bi3b, and Bi3c) and the kappa-chain FR1
region (Bi6, Bi7, and Bi8). The heavy-chain Cy;1 primer used was
5-CGG AAT TCA GGG GCC ATG GGA TAG AC. The
kappa-chain constant domain primer used was 5-CGG AAT
TCG GAT GGT GGG AAG ATG GA. RT-PCR was performed
using the OneStep RT-PCR kit (Qiagen) according to the manu-
facturer’s instructions before Tris-acetate-EDTA-agarose gel ex-
traction, ligation using a TOPO TA Cloning kit (Invitrogen), and
DH5a (Invitrogen) transformation. Colonies were selected for
isolation of plasmid DNA using a Miniprep Kit (Invitrogen) for
subsequent sequencing at the UCLA sequencing core facility.
Sequences were analyzed with BLAST for Vi or V; homology.
Sequences were verified by three identical recovered sequences
from at least two different experiments. For the hybridoma 2.43,
the obtained Vy and V,_sequences were confirmed with trypsin
digest-MS of the purified parental antibody, which was per-
formed at the UCLA core facility. The YTS169 hybridoma
was engineered to antibody fragments without further Vy; and
V., validation.

Design and Construction of Anti-mCD8 Minibodies. The 2.43 and
YTS169 minibody (Mb) constructs were synthesized by GeneArt
(Invitrogen) to contain a Kozak sequence, followed by the mouse
Ig kappa secretion signal, Vi, an 18 GlySer-rich amino acid
linker (GSTSGGGSGGGSGGGGSS), V|, murine IgG2a hinge,
the murine IgG2a Cy3 domain, and a C-terminal hexahistidine
sequence (Fig. 14). The Mb cassette contains the N-terminal
Xbal and C-terminal EcoRI restriction sites for subcloning into
the mammalian expression vector pEE12 (Lonza).

Expression and Purification of Engineered Mb Antibody Fragments. A
total of 2 x 10° NSO mouse myeloma cells were transfected
with 10 pg of Fspl (New England Biolabs) linearized vector
DNA by electroporation (Multiporator; Eppendorf) and se-
lected in glutamine-deficient DMEM as previously described
(3). The supernatants of individual clones were screened for ex-
pression by nickel-nitrilotriacetic acid (Ni-NTA) HisSorb Plates
(Qiagen) using the goat anti-mouse IgG2a-alkaline phosphatase
conjugate for detection (1:2,500; Santa Cruz Biotechnologies).
Expression was also confirmed for clones positive for expression by

ELISA by SDS/PAGE, followed by Western blot analysis using the
same goat anti-mouse IgG2a-alkaline phosphatase conjugate
(1:2,500) and developed with the NBT/BCIP Color Development
substrate kit (Promega). The highest producing clones were
expanded and brought to terminal culture for expression of
secreted proteins.

Soluble Mbs were purified from cell culture supernatants using
Ni-NTA affinity chromatography (GE Healthcare) using an AKTA
purifier FPLC (GE Healthcare). Supernatants were loaded onto
the column in the presence of 10 mM imidazole and eluted with
a gradient of 10-500 mM imidazole. The purified proteins were
then dialyzed against PBS using Slide-A-Lyzer dialysis cassettes
[molecular weight cutoff (MWCO) = 10,000; Thermo Scientific]
and concentrated with a Vivaspin 20 (MWCO = 10,000, Sartorius).
Final protein concentrations were determined by measuring UV
absorbance at 280 nm. Purified proteins were analyzed by SDS/
PAGE under nonreducing conditions. Native structural size was
determined by Superdex 200 (GE Healthcare) size exclusion
chromatography (SEC) using PBS as the running buffer.

Production of Soluble CD8af Fusion Protein. PCR was used to am-
plify the soluble domains of both CD8« (residues Lys1-Ser124 of
mature CD8a, Lyt2.2*) and CD8p (residues Leul-Vall17 of ma-
ture CD8p) and to fuse them via a 29-aa a-helical linker (AG-
SADDARKDAGSKDDARKDDARKDGSSA). This linker is
similar to the linker previously described for soluble CD8af
(sCD8ap) fusion (4), except for the GS amino acids at linker
positions 12 and 13 (underlined) due to the insertion of a BamHI
site for cloning purposes. CD8«a was amplified to contain an N-
terminal Agel site and a C-terminal sequence corresponding to
AGSADDARKDAGS. CD8p was amplified to contain the N-
terminal amino acid sequence GSKDDARKDDARKDGSSA
and a C-terminal Notl site. The following primers were used:

sCD8a-Forward (F): 5'-CACACAGAGCTCACCGGTAAG-
CCACAGGCACCCGAAC

sCD8a-Reverse (R): 5'-TGTGTGGGATCCCGCATCCTTT-
CTTGCATCGTCGGCAGATCCTGCAGAGTTCACTTTC-
TGAAG

sCD8B-F: 5-CACACAGGATCCAAAGATGACGCAAGGA-
AGGACGATGCTAGGAAGGATGGATCTTCCGCACTCA-
TTCAGACCCCTTCG

sCD8B-R: 5-TGTGTGTCTAGACGCGGCCGCAACCACA-
GTCAGCTTCGTC

Briefly, PCR products of sCD8«x and sCD8 were gel-purified,
digested with BamHI, and ligated using T4 DNA ligase. Ligations
were used as the template for PCR using the sCD8a-F and sCDS8-
R primers. The PCR product was restriction enzyme-digested with
Agel and Notl and ligated into the predigested pEE12-2.43 Mb
cassette constructed above for the addition of a C-terminal His-
Tag. Sequence verification, NSO electroporation, clonal selection,
protein production, and Ni-NTA purification were performed as
described above. SEC using a Superdex 75 column (GE Health-
care) was required for final purification.

Affinity Measurements. Before surface plasmon resonance (SPR)
analysis, solution-phase binding of the Mbs to the recombinant
sCD8ap was confirmed using SEC. Equimolar amounts of sCD8af
and Mb were incubated together in PBS for 5 min before Super-
dex 200 SEC analysis. Binding was confirmed by both earlier elu-
tion times in SEC and SDS/PAGE analysis of the elution fractions
from SEC. SPR analysis was performed on a Biacore 3000
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(Precision Antibody, Inc.). Briefly, Mbs were captured using goat
anti-mouse IgG Fe, and sCD8af antigen was flowed over the
chip at 100, 50, 25, 12.5, 6.25, and 0 nM. The equilibrium dis-
sociation constant (Kp) was calculated from the observed asso-
ciation (k,) and dissociation (ky) rate constants.

FITC Conjugation. The 2.43 Mb was incubated with a 40-fold molar
excess of FITC (Molecular Probes) at pH 8.5 for 4 h at 4 °C.
Excess FITC was removed using a PD-10 column in PBS (GE
Healthcare). Protein was concentrated using a 0.5-mL spin filter
(MWCO = 3 kDa; Amicon), and the conjugation efficiency was
evaluated using a NanoDrop (Thermo Scientific) to calculate the
ratio of moles of fluorescein to moles of protein.

Flow Cytometry. A total of 2 x 10° BW58, TK-1, or EL-4 cells
(American Type Culture Collection) in 200 pL of PBS plus 1%
FBS was incubated with 2 pg of the anti-CD8 Mb constructs for
45 min on ice. After two washes in PBS plus 1% FBS, they were
subsequently stained with mouse goat anti-mouse IgG2a-phy-
coerythrin (PE; Santa Cruz Biotechnologies) for 45 min on ice in
PBS plus 1% FBS. Following two additional washes in PBS plus
1% FBS, flow cytometry analysis was performed using a BD
Biosciences LSR II at the UCLA flow cytometry core facility.

Flow cytometry on primary cells from Lyt2.2* C57BL/6 (B/6)
and Lyt2.1* C3H mice was performed on single-cell suspensions
from the spleen, bone marrow, peripheral blood, thymus, and
lymph nodes. Organs were mashed over 75-pm filters and then
40-pum filters in RPMI plus 5% FBS to produce single-cell
suspensions. Following RBC lysis using ammonium-chloride-
potassium lysis buffer, the cells were stained for 1 h on ice with
either Lyt2.2-specific fluorescein-conjugated 2.43 Mb or anti-
CD8-fluorescein (clone 53-6.7; eBioscience) and anti-CD4-PE
(clone GK1.5; eBioscience) or anti-CD45-allophycocyanin (clone
30-F11; eBioscience). Cells were then washed with PBS and an-
alyzed using a BD FACSCanto (Becton Dickinson).

CD8 Depletion. Mice were treated for three consecutive days with
330 pg of anti-CD8 depleting antibody (clone 53-6.7 purchased
from University of California, San Francisco Monoclonal Anti-
body Core) injected i.p. (165 pL in saline) or 250 pg of 2.43 Mb
injected i.v. (125 pL in saline). Two to three days posttreatment,
single-cell suspensions from the spleen, peripheral blood, thy-
mus, and lymph nodes were isolated and stained as described
above for CD8 depletion analysis.

SCN-NOTA Conjugation. All solutions were made metal-free (MF)
using Chelex 100 (1.2 g/L; BioRad). The 2.43 and YTS169 Mbs
were dialyzed against MF-PBS overnight using Slide-A-Lyzer
MINI dialysis units (Thermo Scientific). Proteins at 1-2 mg/mL
were then incubated with an 80-fold molar excess of S-2-(4-iso-
thiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid
(p-SCN-Bn-NOTA; Macrocyclics) for 4 h at 4 °C. The pH was

. Cobbold SP, Jayasuriya A, Nash A, Prospero TD, Waldmann H (1984) Therapy with
monoclonal antibodies by elimination of T-cell subsets in vivo. Nature 312(5994):
548-551.

2. Dabel S, et al. (1994) Isolation of IgG antibody Fv-DNA from various mouse and rat

hybridoma cell lines using the polymerase chain reaction with a simple set of primers. J

Immunol Methods 175(1):89-95.

adjusted to 8.5 using 1 M MF-NaOH. Excess p-SCN-Bn-NOTA
was removed by PD-10 desalting columns that were preequili-
brated MF-PBS. Eluted protein was concentrated with Amicon
Ultra centrifugal filters (MWCO = 0.5 mL and 10 kDa; Milli-
pore) that had been washed twice with MF-PBS.

%4Cu Radiolabeling. [**Cu]CuCl, was obtained from the Division of
Radiological Sciences, Washington University School of Medi-
cine. Five microliters of 250 mM ammonium acetate (pH 7.0) was
added to ~37 MBq (~1 mCi) **CuCl, before the addition of 60—
80 pg of NOTA-conjugated Mb at 1.4 mg/mL in saline. Protein
was incubated for 30-45 min at 42 °C, followed by a challenge of
5 mM EDTA for 5 min at room temperature. Radiolabeling ef-
ficiency was measured using instant thin-layer chromatography
(ITLC) strips (Biodex Medical Systems) with saline as the mobile
phase. The ITLC strip was cut in half, and sections were counted
using a Wizard 3" 1480 Automatic Gamma Counter (PerkinElmer).
Radiochemical purity was assessed by ITLC using saline as the
mobile phase. Protein was purified using BioRad6 Spin columns
equilibrated with PBS if the radiochemical purity was <95%.
The percentage of functional **Cu-NOTA Mb postradiolabeling
was measured by incubating 30-50 ng of radiolabeled Mb
with >40 x 10° antigen-positive (BW58) or antigen-negative
(EL-4) murine lymphoma cells in PBS plus 1% FBS for 1 h.
Cells were centrifuged, the amount of activity in supernatant vs. the
pellet was counted in a gamma counter, and the immunoreactive
fraction was calculated as (% cell bound activity/total activity) * 100.

Micro-PET Imaging. Two hundred-microliter doses containing 2.6—
2.9 MBq (70-80 puCi, 8-10 uCi/ug) of **Cu-radiolabeled Mb were
prepared in saline and injected i.v. into B/6, C3H, or NSG mice.
At 4 h postinjection, mice were anesthetized using 2% isoflurane
and micro-PET scans were acquired using an Inveon microPET
scanner (Siemens), followed by micro-CT scans (ImTek). Micro-
PET images were reconstructed using nonattenuation or scatter-
corrected filtered back-projection, and AMIDE was used for
image analysis and display.

Biodistribution. After micro-PET/CT imaging, mice were eutha-
nized, the organs and blood were collected and weighed, and the
activity was determined in a gamma counter. The percent-injected
dose per gram of tissue was calculated using a standard containing
2% of the injected dose. Left and right axillary lymph nodes were
pooled and counted for biodistribution studies.

Data Analysis. Data values are reported as mean + SD. Statistical
analysis was performed using a two-tailed Student ¢ test. Ex vivo
biodistributions of **Cu-NOTA-2.43 Mb in C3H, NSG, B/6
blocked, and B/6 depleted mice were compared with the WT B/6
mice individually. Micro-PET/CT images are displayed as 20- or
2-mm maximum intensity projections for coronal or transverse
images, respectively.
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Methods 253(1-2):195-208.
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Fig. S1. Purification and characterization of 2.43 and YTS169 Mbs are shown. Mbs were purified from NSO supernatant in one step using Ni-NTA immobilized
metal affinity chromatography using imidazole elution (A) as shown by SDS/PAGE (B). mAU, milli-absorbance units. (C) SEC shows the presence of 81% ~80-kDa
Mb for the 2.43 Mb and 23% ~80-kDa Mb for the YTS169 Mb. Max, maximum. (D, Left) Both the 2.43 Mb (black line) and YTS169 Mb (gray line) bind CD8
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however. The solid gray peak is cells only.
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Fig. $3. Solution phase binding of 2.43 and YTS169 Mbs to sCD8uf is demonstrated by SEC. The 2.43 Mb (A) or the YTS169 Mb (C) was mixed with equimolar
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multimer in lanes 4 and 5.
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mouse IgG Fc capture. Soluble monovalent antigen was then flowed over the chip at 100 (green), 50 (magenta), 25 (red), 12.5 (dark blue), 6.25 (light blue), and
0 (black) nM. (C) Full kinetic analysis is shown. k,, association rate constant; K,, equilibrium association constant; kg, dissociation rate constant; Kp, equilibrium
dissociation constant; Resp. Diff., response difference; R.x, maximum resonance units.; RU, resonance units.
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CHAPTER 7:

Conclusion and Future Studies
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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 Kkinase with three point
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mutations  within the active site (hdCK3mut), when probed with [*®F]-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 K 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 [*8F]-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. [®F]-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 [*®F]-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. [*F]-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 [*®F]-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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