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Abstract: Theranostics is a re-emerging field of medicine that aims to create targeted agents that can
be used for diagnostic and/or therapeutic indications. In the past, theranostics has been used to treat
neoplasms, such as thyroid cancer and neuroblastomas. More recently, theranostics has seen a resurgence
with advent of new therapeutic antibodies and small molecules which can be transformed into Theranostic
agents through radioconjugating with a radioactive isotope. Positron emitting radioisotopes can be used for
diagnostic purposes while alpha- and beta-emitting radioisotopes can be used for therapy. The technique of
radiolabeling an existing therapeutic agent (small molecule or antibody) leverages the existing qualities of
that drug, and potentiates therapeutic effect by conjugating it with a cytotoxic-energy bearing radioisotope
(e.g., 131-iodine, 177-lutetium). Theranostics have been used for a few decades now, starting with
131-iodine for therapy of autoimmune thyroiditis (Graves’ disease, Hashimoto’s thyroiditis) as well as for
thyroid cancer. Additionally, 131-iodine-meta-iodobenzylguanidine (131-I-MIBG) initially had been used
for gastroenteropancreatic neuroendocrine (carcinoid) tumors. However, recently clinical trials have start
enrolling patients to evaluate efficacy of 131-I-MIBG in patients with small cell carcinoma of the lung. In
the era of precision medicine and personalized targeted therapeutics, Theranostics can play a key pivotal in
improving diagnostic and therapeutic specificity by increasing potency of these targeted small molecules and
antibodies with radioisotopes. In this review, we will review various clinically relevant Theranostics agent and

their utility in thoracic disorders, notably within oncology.

Keywords: Theranostics; small cell lung cancer (SCLC); non-small cell lung cancer (NSCLC); lung metastasis;
thoracic adenopathy; positron emission tomography (PET); thymoma; lymphoma; PSMA; AXL; CAR T; FDG;

FLT; FET; nuclear medicine; neuroendocrine tumors; mIBG

Submitted Apr 01, 2020. Accepted for publication Apr 29, 2020.
doi: 10.21037/jtd-2019-pitd-13
View this article at: http://dx.doi.org/10.21037/jtd-2019-pitd-13

Introduction

Theranostics was coined as a portmanteau of “therapeutic”
and “diagnostic” (1). Theranostics can also be described
as an agent of theranosis: an agent used in tailoring
treatment to an individual (2). Theranostics, then, can
be used to describe personalized medicine approaches as
well as dual-functioning drugs. Theranostics are allowing
physicians to use classically diagnostic tools as trackers
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of therapeutic efficacy as in the case of targeted positron
emission tomography (PET) radiotracers. The current
state of theranostic research is rich, diverse, and creative
in scientists’ attempts to minimize the exposure of patients
to drugs. Looking at research from the past 4 years,
one could find applications of novel PET radiotracers,
metal nanoparticles, quantum dot aggregates, decorated
liposomes, and even catalytically-active DNA molecules
(DNAzymes) (3-6). This mini-review will discuss
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Table 1 A collection of radioisotopes mentioned in this paper including their elemental symbols, modes of decay, and approximate half-lives. Data

in Table adapted from Reference (13), except where noted

Radioisotope Symbol Primary decay mode Half-life (A)
18-flourine BF e, noy 110 minutes
32-phosphorous “p B, noy 14.3 days
64-copper #Cu e, B,y 12.7 hours
68-gallium ®Ga ey 67.6 minutes
90-yttrium Ly B,y 64.1 hours
99m-technetium ©"Te Y 6.0 hours
123-iodine 128 y,noe’ 13.2 hours
124-iodine 24 e,y (14) 4.2 days (14)
125-iodine 2] ¥ 59.4 days
131-jodine ) B,y 8.0 days
177-lutetium Ly B,y 6.7 days

theranostic agents in clinical practice.

Most theranostic clinical work is being done in oncology,
especially since the American Cancer Society (ACS)
estimated that this year in the United States: over 15 million
people live with cancer, with 1.7 million new cases, and
0.7 million deaths resulting from cancer (7). Globally,
the ACS estimated 17 million new cases and 9.5 million
deaths will result from cancer in 2018. These tolls will
only continue to climb in coming years with an increasing
population (8). Therefore, we will only focus on theranostics
in an oncologic context.

Theranostic agents could be created by either starting
with a targeted therapeutic such as an antibody and
attaching a radioactive isotope to use a traditionally
diagnostic method such as PET, CT, or SPECT to
determine the localization of that therapeutic. The
technique of radiolabeling an existing therapeutic utilizes
the existing qualities of that drug, whether it is specific or
FDA-approved and combines it with the diagnostic power
of radiology to individualize treatments. In individualizing
treatments, the physician can assess the potential efficacy
prior to prescribing a patient to a full regimen of a
particular drug.

Several groups, including ours, have radioconjugated
various radioisotopes to antibodies. We are currently
working on radioconjugating checkpoint inhibitors to
determine their potential as a predictor of response in the
pre-treatment setting. Examples of other groups pursuing
this research include the current phase II clinical trial
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(NCT03065764) of ¥Zr-labeled pembrolizumab (Keytruda)
for NSCLC (9).

The choice of radioisotope is one that requires a depth
of understanding that entire chapters could be written on.
However, to succinctly describe the parameters involved,
one must consider whether they want an alpha (o), beta
(B), positron (antielectron, e*) or gamma (y) emitter.
Additionally, one must also consider the half-life, the
distribution of energy emitted by the radioisotope, the
penetration depth of the alpha/beta particles, the availability
and ease of acquisition/fabrication of the radioisotope, and
also the ease of chemically working with the element (10).
With these considerations in mind, the most commonly
used radioisotopes in the thorax include "*F, **P, “*Cu, ®*Ga,
Y, ™ Te, 7 P, and, ""Lu (10-13). A compilation of
these radiotracers, their decay mode, and half-lives can be
found in the table below (Tuble 1).

These radioisotopes can then be used and inserted or
attached to a parent molecule that is known to localize
to a particular organ or tissue type for diagnosis and/or
treatment.

For example, ""F-FET (o-(2-["*F]fluoroethyl)-I-tyrosine)
is a radiolabeled tyrosine mimetic that is incorporated into
rapidly-diving cells due to increased amino acid uptake in
cancer cells. F-FET targets tumors and other resource
intensive organs such as the liver, assisting in diagnosis of
non-hepatic tumors (15).

Another PET radiotracer is "*F-FLT (3'-["*F]fluoro-3'-
deoxythymidine) which is a thymidine nucleoside analog
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and is thus incorporated into rapidly dividing cells requiring
an increased amount of individual nucleic acids (15).

The thoracic cavity can be compartmentalized into the
lungs, thymus, thyroid, and mediastinum which houses
the heart, major blood vessels, and many lymph nodes.
Since the thyroid is covered in another article by our group
and information about the heart would best be found in
a cardiac journal, they will not be discussed in this mini-
review. Rather, we focus here on the lungs, thymus, and

lymph nodes.

Lungs

Approximately 13% of all new cancer diagnoses in the
United States are lung cancer, resulting in over 200,000 new
cases of lung cancer per year (7). Globally, over 2 million
new cases and 1.7 million deaths are estimated (8). Lung
cancer also leads as the cause of death in front of colon,
breast, and prostate cancer combined (7,8).

Small cell lung cancer (SCLC)

SCLCs are neuroendocrine tumors (NETs), and as such,
can be targeted with somatostatin analogs (SSAs), which
bind to somatostatin receptors (SSTRs), or norepinephrine
analogs which localize to adrenergic tissue (12,16).

For diagnosis and treatment utilizing SSTRs, molecules
like DOTA-TATE or DOTA-TOC are useful. A chelation
of ®Ga allows for the effective diagnosis using PET or
SPECT while the chelation of ""Lu or ™Y allows for the
treatment of NETs (12). Additionally, any somatostatin
analog can be labeling with '"'In to aid in diagnosis.

The primary molecule mimicking norepinephrine in a
theranostic context is mIBG (metaiodobenzyl-guanidine,
or iobenguane). The radiolabeling of mIBG to either "'
or I is used for diagnosis, while the use of "'T can both
image and treat (12). In terms of clinical updates, Azedra®
is an "'I-mIBG drug that has been recently approved by
the FDA for treatment of pheochromocytomas, targeting
unresectable adrenal tumors, but can also target NETs
due to mIBG being the parent molecule and could be
investigated for off-label use (17).

Non-small cell lung cancer (NSCLC)

NSCLC accounts for 85% of all lung cancer diagnoses
(7). NSCLCs are all cancers that are not small cell
cancers and can be sub-divided, in descending order, into:
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adenocarcinomas (ADCs), squamous cell carcinomas
(SCCs), and large cell carcinomas (a biopsy-based diagnosis
of exclusion as of 2015, and therefore beyond the scope
of this context) (7,18). For further reading about NSCLC
therapy with TKI-PET and immune-PET, see the
following reference (19).

ADCs

ADC overexpress epidermal growth factor receptors
(EGFRs) like HER/ERBB 1-4, whose activation leads to
the over-phosphorylation of tyrosine (20). Tyrosine kinase
inhibitors (TKIs) which normally block EGFRs such as
gefitinib and erlotinib are used to retard the progression of
ADC due to their overexpression of EGFR (20). Likewise,
antibody treatments exist which target EGFR such as
cetuximab which carries the advantages of the antibody’s
specificity and of triggering immunogenic cell death of
the tumor cells (21). Because FET is a tyrosine mimetic, it
follows that it can be used as a diagnostic tool to investigate
the efficacy of TKI activity.

Another emerging target against tyrosine kinase is
the Axl receptor, whose activation promotes tyrosine
phosphorylation as well. Axl is a member of the TAM
(Tyro3, Axl, Mer) family and by inhibiting the receptor,
drug sensitivity can be restored to patients who have
become desensitized to other TKIs (22). Currently TP-
0903 and BGB324 are undergoing Phase I clinical trials in
the United States.

An example of theranosis is the recent development
of a radiopharmaceutical, Osimertinib, that selectively
targets the most common NSCLC mutation, EGFR-
T790M. This mutant protein renders traditional TKIs
ineffective. Osimertinib was compared against EGFR-
WT and EGFR-L858R in vivo using ""F-FEWS to identify
standard TKI-resistance NSCLC tumors. Following this
research a physician can then use this drug to detect TKI-
resistance and made the decide whether to cease treatment
using typical drugs like erlotinib and switch to FDA-
approved EGFR mutant T790M-targeting treatments such
as osimertinib (23,24). Cycling between these dugs would
prevent for the complete selection of treatment-resistant
NSCLC and increase the survival of patients who would
otherwise need harsher treatment.

SCCs

SCCs are less frequently diagnosed than ADC and primarily
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differ in their morphology. However, the detection of
differential mRNA signatures has been developed to help
classify biopsies between ADC and SCC, especially since
less voluminous specimens are being used for histological
analyses (7,18,25). SCCs express greater TP63, KRT-
type genes, and squamous cell carcinoma antigen (SSCA)
than ADCs, so RNA-seq from biopsy would give a clear
diagnosis, but noninvasive methods exist as well (25).
Because SCCs do not overexpress EGFRs like their
ADC NSCLC counterparts, *F-FLT" in combination with
PF-FET can be used to exclude an ADC diagnosis (with
PF-FLT localizing to any site of rapid DNA synthesis and
PFET localizing to areas of EGFR overexpression) (15).

Conclusions of lungs

Lung cancer maintains as one of the largest cancer threats
due to its high rates of diagnosis and death. However,
modern radiotracing techniques now allow for physicians to
more quickly diagnose, and therefore tailor, their treatment
approach to individual patients. In short, if a patient has
SCLC, the cells likely overexpress SSTRs and the use of
a radiolabeled mIBG or DOTA-TATE/-TOC would be
useful for both treatment and diagnosis. If a patient has
NSCLC, then the ADC types likely overexpress EGFRs and
TKIs would be useful in slowing the progression or be used
as an adjuvant therapy. The SCC types can be diagnosed
using less specific PET markers by demonstrating a lack of
specificity to EGFR receptors while maintaining an uptake
of other radiotracers in the lungs.

Thymus

Of the rare occurrence of disorders in the thymus,
myasthenia gravis (MG) a disease impacting muscle function
and is often caused by thymomas (26). For treatment of
MG, a full resection of the thymus is recommended when
a thymoma is discovered or highly suspected. Thymomas
can suspected by a lack of auto-antibodies and an enlarged
thymus in imaging (26). Otherwise, MG can be treated with
acetylcholine esterase inhibitors, steroids like prednisolone,
and immuno-suppressive drugs (26). Proven theranostic
methods do not exist but could include radio-labeling the
drugs used for treatment to track disease progression.

Lymph nodes

Lymphomas can be detected using standard imaging
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techniques including PET/CT or PET/MRI. "F-FDG
(a fluorinated glucose analog) can be used to detect nodal
and non-nodal tumors with PET/MRI which is markedly
more predictive in diagnosing Lymphoma than MRI-
DWTI (Diffusion Weighted Imaging) alone (27). Other
work in diffuse large B-cell lymphoma (DLBCL) compared
"F-FDG to ""F-FLT and found ""F-FLT to provide a
significantly higher positive predictive value (PPV) (28).
This is important for physicians not only as a diagnostic
tool, but also as a way to track disease progression,
especially when utilizing chimeric antigen receptor (CAR)
T cell therapies because the PET techniques can track the
presence and activity of the lymphocytes (29).

CAR T cell therapy is an inherently attractive choice
for hematological diseases such as lymphomas due to the
CAR T cell already being able to travel through the lymph
system. In CAR T cell therapy, a patient’s own T cells are
genetically modified with an exogenous antigen receptor so
that the specific surface markers of a target disease can be
targeted by the patient’s own immune system (29).

In the realm of theranosis, anti-CD19 CAR T cells
have been demonstrated to be effective in patients with
chemotherapy-refractory lymphoma and sometimes lead to
remissions lasting longer than 2 years (29).

Metastases

The metastasis of cancer cells to thoracic organs is often
considered fatal (cite). To this end, the detection of metastatic
tumors within the thorax would provide physicians with
the ability to more effectively treat a patient by being able
to identify and remove otherwise invisible tumors. Others
have shown the efficacy of radiolabeling the prostate-specific
membrane antigen (PSMA) (30,31). Indeed, in our own trial
(NCT04216134) we have used “Ga conjugated to PSMA and
been able to effectively determine the presence of prostate
cancer metastases in the thorax where the standard-of-care
technique using “FDG did not (Figure I).

Conclusions

Theranostics can describe an agent of personalized
medicine or an agent which can simultaneously treat while
diagnosing a patient. In an era of advancing technologies
and increased attention on the quality of life and treatment
of an individual patient, it is important to find new methods
that result in the least amount of suffering during treatment.

In the cage of the thorax, the lungs take up the majority
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®Ga-PSMA

Figure 1 (A,B) FDG vs. Gallium-PSMA, respectively. A 53-year-old male with metastatic prostate cancer, with history of increasing PSA.

FDG PET shows nonspecific low level metabolic activity in the skeletal system. However, Gallium-PSMA, shows focal nodular FDG

uptake in multiple osseous structures including right clavicle, multiple thoracic vertebrae (T2 shown) vertebral body, right scapular and
right humerus. Additionally, bilateral rib lesions are seen on the gallium PSMA PET and were occult on the FDG PET scan. (C,D) FDG
vs. Gallium-PSMA, respectively. A 65-year-old male with elevated PSA and LDH presents with rib pain and shortness of breath. FDG-PET
CT shows sclerosis in the sternum, ribs bilaterally and bilateral humeri, without significant FDG uptake. Gallium-PSMA shows marked

radiotracer uptake in the aforementioned sclerotic lesions, consistent with widespread osseous metastases. Additionally, gallium-PSMA PET
shows a metastatic right hilar lymph node which was occult on the FDG PET scan. Images generated through COH Trial NCT04216134.

of the space as well as the majority of the cancer cases. This
places greater importance on being able to make swift,
accurate, and direct diagnoses and treatment options for
patients. As such, the FDA-approved mIBG, FL'T; and FET
have shown themselves capable in diagnosing and treating
lung cancers. Within lymphomas, FDG and FLT" will assist
in accurate diagnosis and disease progression. In the thymus,
the detection of thymomas suspect of, or causing disease
are resectable and further treatable with conventional and
immune-suppressive therapies. And finally, metastases can
be detected within the thorax by targeting specific antigens
or markers along with a radiotracer.

The information presented in this mini-review should
act as a brief overview of the strengths of radiotracers
and antibodies not only as diagnostic or therapeutic
tools, but also as a foundation for the delivery of other
radioactive elements to target sites for the treatment and
tracking of disease. Ultimately, the goal of theranosis is to
individualize the treatment a patient receives as to not suffer
unnecessarily by the treatment meant to reduce that very
same suffering.
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