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Theranostics could be big business in precision 
oncology
Theranostics aim to both diagnose and treat cancer. Although few such drugs are on the market, many are being 
tested in clinical trials, with early results showing promise.

Carrie Arnold

The right therapy depends on the 
right diagnosis. Hippocrates wrote 
as much more than 2,000 years 

ago, and physicians have honed their 
diagnostic ability over the years. In an era of 
personalized medicine, when treatments can 
vary based on molecular markers, getting 
a precise diagnosis is even more crucial. 
Nowhere in medicine has this become more 
apparent than in oncology.

Radioactive results
In the past few years, interest in combining 
therapies and diagnostics has boomed and 
turned into a field of its own: theranostics. 
Major cancer centers across the United 
States, Europe and around the world have 
all opened dedicated theranostics centers in 
the past few years. The approach requires 
a ligand that will specifically bind to the 
tumor, usually linked to a radioactive 
isotope for diagnosis by positron emission 
tomography (PET) scan or single-photon 
emission computed tomography (SPECT). 
Then, using the same ligand and linker 
molecule connected to a different 
radionuclide, physicians can treat the tumor.

“It’s really appealing because you  
can see where the actual drug is going.  
With other drugs, we’re always asking 
ourselves where does the drug go, and  
where does it end up?” says Anna Wu, 
chair of the Department of Immunology & 
Theranostics at City of Hope Cancer  
Center in Los Angeles.

Currently, theranostics only exist  
for certain types of neuroendocrine  
tumors and thyroid disease. But the US 
Food and Drug Administration (FDA) 
is poised to approve a theranostic for 
hormone-resistant metastatic prostate 
cancer in the coming weeks, and Jonathan 
Strosberg, an expert in neuroendocrine 
tumors at Moffitt Cancer Center in  
Tampa, Florida, hopes that this will  
spark a bumper crop of additional  
therapies that can be used in more  
common tumor types.

“I’m hoping that these drugs will be used 
in much larger settings”, Strosberg says.  
“The results are quite impressive.”

The development of antibody-based 
ligands, rather than small molecules, would 
mean even more specificity and options 
for treatment, Wu says, and she is actively 
working on such a strategy for colon cancer.

But current approaches are far from 
perfect. Many theranostics have an 
associated risk of myelodysplastic syndrome 
and leukemia due to their use of radiation, 
and not all tumors — even those with 
receptors that match the ligand — respond 
to theranostics. The radioactivity involved 
also limits the number of lifetime doses. 
Bioengineers hope that new nanomaterials 
or lipid-based carrier molecules can help 
more patients take advantage of theranostics.

Ehrlich’s magic bullet
In 1907, Nobel-Prize-winning 
microbiologist Paul Ehrlich proposed the 
idea of a “magic bullet”, which he envisioned 
as a chemical that would selectively target 
and kill invading pathogens without 
harming human cells. At a time when the 
drugs to treat an illness could often be 
worse than the illness itself, this concept 
was a major breakthrough, and it led to the 
idea that scientists could target a disease 

by developing the right chemical. Just two 
years later, Ehrlich’s lab at the Institute 
of Experimental Therapy in Frankfurt 
developed the first magic bullet in 
arsphenamine (Salvarsan), the first effective 
drug for syphilis. The idea spread outside 
microbiology, and cancer researchers took 
up the banner. Their task was more difficult 
because, biologically speaking, a tumor 
cell is nearly identical to the surrounding 
tissue. Early developers of cancer therapies 
began to take advantage of the vagaries of 
the body itself: bone disproportionately 
snatches up calcium and phosphorus, and 
the butterfly-shaped thyroid gland hogs the 
body’s iodine intake.

For scientists studying bone cancer and 
metastases, as well as thyroid cancer and 
Graves’ disease, these predilections provided 
an opportunity. Bolstered by Ehrlich’s idea of 
a magic bullet, researchers began to wonder 
whether the hunger of certain tissues for 
very specific molecules might be used to 
treat tumor cells within that tissue. In the 
1930s, scientists first began experimenting 
with phosphorus-32, a radioactive isotope 
that emits beta particles (electrons), as a 
treatment for bone tumors. Although the 
drugs were not developed commercially, 
the work showed that such targeting was 
possible. Not long after, biologist Saul Hertz 
at Massachusetts General Hospital in Boston 
took advantage of new developments in 
synthetic radiochemistry that enabled the 
production of radioisotopes not found 
in nature. Hertz focused on iodine-131, 
another beta-emitter that his colleagues at 
the neighboring Massachusetts Institute 
of Technology produced in their new 
cyclotron. Hertz’ work, first in rabbits 
and then in humans with thyroid cancer 
and hyperthyroid disease, showed that 
iodine-131 could successfully kill thyroid 
tissue while causing minimal damage to 
other parts of the body. Hertz’s work was  
so successful and revolutionary that half of 
all thyroid cancers in the United States  
are still treated with iodine-131, with  
a 90% cure rate.

Although microbiologists found 
countless magic bullets in the form of 
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The magic bullet. Theranostics target unique 
properties of cancer cells using different 
radionuclides for diagnosis and treatment.  
Credit: Marina Spence/Nature Medicine
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penicillin, streptomycin and many other 
antibiotics, for decades oncologists had no 
targeted therapies beyond iodine-131. In the 
1980s, researchers at the Sandoz Research 
Institute in Basel, Switzerland, discovered 
the receptors for the hormone somatostatin 
(also known as growth-hormone-inhibiting 
hormone) on many neuroendocrine 
tumors of the gut and pancreas. A recent 
Sandoz-synthesized somatostatin analog, 
octreotide, presented novel therapeutic 
options to Eric Krenning, who worked in 
both endocrinology and nuclear medicine at 
Erasmus Medical Center in the Netherlands. 
Over several years, he figured out how to 
attach iodine-123 (which, like iodine-131, 
was used to treat thyroid disease) to 
octreotide as a way to improve imaging of 
neuroendocrine tumors.

“It was a very clever step with no small 
amount of ingenuity”, Strosberg says.

But the drug had limitations, including 
toxicity, which limited its use. Modifications 
to a chelating agent called DOTA in 1988, 
however, proved a game changer.

doting on dOTa
From a chemical standpoint, one of the 
biggest challenges to creating a magic bullet 
from radionuclides was how to attach the 
isotope, which treats the tumor or provides 
a diagnosis, to a carrier molecule that 
would steer the drug to the right location. 
What scientists needed was the molecular 
equivalent of Krazy Glue, and the authors 
of the 1988 paper found that in DOTA 
(dodecane tetraacetic acid), a chelating agent 
that binds metal atoms in a central cage and 
can be readily attached to organic molecules 
such as octreotide. The DOTA–octreotide 
complex could be bound to any number of 
radionuclide metals, including gallium-68, 
copper-64, ytterbium-90 and lutetium-177.

Using these isotopes in PET and SPECT 
imaging provided huge benefits over 
traditional biopsy, says materials scientist 
Weibo Cai at the University of Wisconsin. 
“A biopsy is just a snapshot, it’s one spot 
on the whole body, and cancer is very 
heterogeneous”, he says.

Better imaging agents using DOTA and 
other chelators could provide a holistic 
view of cancer in the entire body, including 
distant metastases.

What scientists like Krenning realized 
was that DOTA-containing drugs could 
be used both for better imaging and 
diagnosis and for treatment. The idea was 
to re-engineer existing compounds to target 
the same diseased tissue they revealed 
in nuclear imaging scans. Less harmful 
gamma-particle-emitting isotopes attached 
to DOTA could be used in PET or SPECT 
scans to reveal all the locations in the body 

where a tumor and its metastases could be 
found. Swap out the gamma-emitter for a 
more toxic alpha- or beta-emitter, and the 
therapy would be directed to anywhere in 
the body a tumor could be found. Work 
on developing DOTA-based therapies in 
the late 1990s and early 2000s led biotech 
consultant John Funkhouser to coin the 
term “theranostics” for the drugs’ dual role 
in diagnosis and therapy.

The term theranostic is a bit of a 
misnomer, according to bioethicist Urban 
Wiesing at the University of Tubingen. The 
diagnostic and therapy aren’t identical and 
aren’t administered at the same time.

“I find the term very misleading”, 
Wiesing says. Medicine as a whole has been 
trying to create more targeted therapies for 
decades, he points out, and theranostics is 
just a part of that.

Theranostics remains a two-step process, 
says Strosberg. What makes it unique is its 
ability to use nearly identical compounds to 
identify and target tumors all over the body.

“It was a natural evolution from imaging 
to treatment that gradually occurred over a 
decade or so”, says Strosberg.

Outside of radioactive iodine, few 
theranostics are currently on the market. 
Several targeted radionuclide drugs can treat 
lymphoma, although they do not contain 
the imaging component. Strosberg and 

his colleagues completed a phase 3 clinical 
trial of the drug Lutathera (lutetium-177 
dotatate, made by Novartis’s Advanced 
Accelerator Applications) in 2017. Their 
results, published in New England Journal of 
Medicine, showed that the drug was safe and 
effective for patients whose tumors recurred 
after treatment with somatostatin analogs. 
Strosberg uses the drug as a second-line 
treatment for neuroendocrine tumors and 
considers Lutathera a key component of  
his arsenal. A final survival analysis 
of Lutathera compared to unlabeled 
somatostatin analogs showed that although 
Lutathera appeared to improve patient 
survival at 1- and 2-year follow-up, those 
benefits evaporated by 5 years.

The benefits of Lutathera intrigued 
postdoctoral scholar Andrei Gafita, who was 
working on prostate cancer therapeutics at 
the University of California, Los Angeles. 
Prostate cancer is the most common cancer 
diagnosed in men and continues to cause 
3.8% of cancer deaths in men worldwide, 
with many tumors not responding to 
existing treatments. But prostate cancer 
has an Achilles’ heel, in the form of the 
prostate-specific membrane antigen (PSMA) 
that dots tumor cells but is absent from 
other tissue. A phase 3 trial for a gallium-
68-labeled PSMA small-molecule inhibitor 
as an imaging agent, followed by a lutetium-

Radionuclide Linker Ligand indication Status

iodine-131 None None imaging and treatment of 
thyroid cancer

Approved

iodine-123 None Octreotide imaging of 
neuroendocrine tumors

Approved (Sandoz and  
Erasmus Medical Center)

Lutetium-177 DOTA Octreotide Treatment of 
neuroendocrine tumors

Approved (Lutathera;
Novartis Advanced  
Accelerator 
Applications)

Gallium-68 DOTA pMSA-61 Diagnosis and 
treatment of metastatic 
castration-resistant
prostate cancer

phase 3 clinical trial 
(Novartis)Lutetium-177 DOTA pMSA-61

Fluorine-14 Carbon–
halogen 
bond

pArp inhibitor Diagnosis and treatment 
of glioblastoma 
multiforme and head and 
neck cancers

phase 1 clinical trials 
(Theragnostics and 
Memorial
Sloan Kettering Cancer 
Center)

iodine-123 Carbon–
halogen 
bond

pArp inhibitor

Actinium-225 Bifunctional 
chelate

iGF-1r 
monoclonal 
antibody

Diagnosis and treatment 
of advanced solid tumors

phase 1 clinical trial  
(Fusion pharma)

indium-111 Bifunctional 
chelate

iGF-1r 
monoclonal 
antibody

Theranostics are typically composed of a ligand, which selectively targets cancer cells, attached to a radionuclide, via a linker. DOTA, 
dodecane tetraacetic acid; pMSA, prostate-specific membrane antigen; pArp, poly(ADp-ribose) polymerase; iGF-1r, insulin-like growth 
factor type 1 receptor.

FOCUS | news feATure

NaTuRE MEdiciNE | VOL 28 | ApriL 2022 | 606–608 | www.nature.com/naturemedicine

https://pubs.acs.org/doi/abs/10.1021/ja00226a063
https://www.nejm.org/doi/full/10.1056/nejmoa1607427
https://www.nejm.org/doi/full/10.1056/nejmoa1607427
https://www.sciencedirect.com/science/article/pii/S1470204521005726
https://www.sciencedirect.com/science/article/pii/S1470204521005726
https://acsjournals.onlinelibrary.wiley.com/doi/full/10.3322/caac.21492
http://www.nature.com/naturemedicine


608

news feature | FOCUS

177-labeled drug (177Lu-PSMA-617) as a 
therapeutic, showed that the combination 
more than doubled radiographic 
progression-free survival, from 3.4 months 
to 8.7 months, according to results  
presented at the 2021 American Society 
of Clinical Oncology meeting. Gafita is 
investigating why some patients with 
prostate cancer responded well to treatment 
whereas others did not, despite all having 
PSMA-positive tumors.

“Answering this question will be key 
to developing drugs that work for more 
patients”, he says.

FDA approval of 177Lu-PSMA-617 is 
expected any day.

Targeting the tumor
But using small molecules has its limits. 
To find an appropriate target, says Zaver 
Bhujwalla, director of cancer imaging 
research at Johns Hopkins University, 
researchers must identify a receptor that is 
found on the tumor cells and not on  
any healthy tissue. It’s a reality that 
drastically limits the potential of this type  
of theranostic, she says.

“If you don’t pick the right molecule, you 
won’t be able to distinguish cancer cells from 
healthy cells, and your drug might not go to 
the right place”, Bhujwalla says.

This limitation is one reason why Wu at 
City of Hope and other scientists have begun 
investigating antibodies as ways to direct 
theranostics towards cancer cells. Recent 
advances in cancer immunotherapy have 
opened up a new universe of antibody-based 
theranostics. Wu herself started a company 
called ImaginAb to develop these agents, 
alongside her work  
at City of Hope. Her goal is to use 
engineered antibodies withshort half-lives 
that are linked to various radioactive 
isotopes via DOTA.

“We want to find isotopes and antibodies 
with short half-lives so we can get in and get 
out very quickly”, Wu says.

Recent studies have also found that very 
low levels of radiation — such as those 
delivered by a theranostic — can actually 

stimulate the immune response, even 
though larger doses will wipe it out. To Wu, 
this raises the potential of using theranostics 
in tandem with immunotherapies to boost 
the efficacy of the latter.

Other researchers are trying to move 
beyond DOTA in delivering radionuclides 
to tumor cells. In her lab at the University 
of Rhode Island, Jyothi Menon has 
been experimenting with micelles and 
polymer-based encapsulations tagged with 
specific ligands as a way to steer imaging and 
therapeutic isotopes to the right cells. Menon 
also pointed out that iron-oxide-containing 
nanoparticles could be directed towards 
tumor cells using a large magnet.

“We can give therapies in a more effective 
manner based on an individual patient, 
rather than a one-drug-fits-all kind of 
approach”, Menon says. “You’ll be able to 
reduce the number of drugs that are failing 
in the clinic because we can deliver the 
drugs to the tumors in patients expressing 
those markers.”

Engineered nanoparticles can also help 
deliver theranostics at the right time, says 
Oliviero Gobbo, a neuroscientist at Trinity 
College Dublin, which could help reduce 
side effects.

“It’s what nanomedicine is about — not 
just finding a cure, but making treatment 
easier for the patient”, Gobbo says.

In Wisconsin, Cai is also working on 
nanomaterials to develop theranostics. 
Cai says that although nanoparticles bring 
unprecedented opportunities to theranostics, 
they also come with obstacles.

“Targets take decades of development”, 
Cai points out, “and it’s hard to make 
nanoparticles with good manufacturing 
practices” that can be scaled up and 
standardized for commercial use.

Growing commercial interest
An increasing number of commercial 
ventures in this area, from large 
pharmaceutical companies to small startups, 
feel that they can surmount any challenges. 
London-based Theragnostics has two  
phase 1 safety trials in progress with 

Memorial Sloan Kettering Cancer Center, 
one using a radiolabeled PARP inhibitor 
for relapsed glioblastoma multiforme and 
a separate trial for head and neck cancers. 
These work by attaching fluorine-18 (for 
imaging) or iodine-123 (for therapy) 
directly to a PARP inhibitor with a carbon–
halogen bond. Because PARP inhibitors 
can be effective against cancers with few 
treatment options, including glioblastoma 
and metastasized colorectal cancers, Greg 
Mullen, CEO at Theragnostics, says the 
company hopes to test its drug against other 
intractable tumors.

Fusion Pharmaceuticals, based 
in Hamilton, Canada, has attached 
actinium-225 to an antibody against 
the cancer biomarker IGF-1R, and the 
combination is in phase 1 trials. They have 
also attached this isotope to other antibodies 
directed at other cancer targets, such as 
FGFR3 and NTSR1 (receptors linked to 
a range of tumor types), although these 
pairings are still in preclinical development.

“The potentials of linking radionuclides 
to antibodies are almost endless”, says Fusion 
CEO John Valliant. “This is going to be the 
new wave of precision medicine.”

Theranostics are even driving 
acquisitions, with Novartis buying Advanced 
Accelerator Applications in 2018 and 
prioritizing targeted radionuclide therapies 
as a pillar of future drug development. 
The burgeoning number of clinical trials 
in theranostics is helping propel nuclear 
medicine into the twenty-first century. Even 
just a decade ago, most nuclear medicine 
trials were small, consisting of individual 
radiologists performing what could look 
like alchemy to outsiders, Mullen says. The 
arrival of theranostics has completely rebuilt 
the field and given it new credibility. “These 
drugs will be very, very targeted and very, 
very toxic for cancer cells”, he says. ❐

Carrie Arnold
Science writer, Richmond, VA, USA. 

Published online: 19 April 2022 
https://doi.org/10.1038/s41591-022-01759-6

news feATure | FOCUS

NaTuRE MEdiciNE | VOL 28 | ApriL 2022 | 606–608 | www.nature.com/naturemedicine

https://ascopubs.org/doi/abs/10.1200/JCO.2021.39.15_suppl.LBA4
https://imaginab.com/products/rp-therapy
https://imaginab.com/products/rp-therapy
https://academic.oup.com/noa/article/2/1/vdaa119/5905832
https://aacrjournals.org/clincancerres/article/26/13/3110/82675/Safety-and-Feasibility-of-PARP1-2-Imaging-with-18F
https://clinicaltrials.gov/ct2/show/NCT03746431
https://clinicaltrials.gov/ct2/show/NCT03746431
https://www.novartis.com/research-development/technology-platforms/radioligand-therapy
https://doi.org/10.1038/s41591-022-01759-6
http://www.nature.com/naturemedicine

	Theranostics could be big business in precision oncology
	Radioactive results
	Ehrlich’s magic bullet
	Doting on DOTA
	Targeting the tumor
	Growing commercial interest




