
A rapidly growing class of anticancer drugs uses a targeting  
moiety to deliver a potent (but typically nonspecific) 
cytotoxic agent selectively to malignant cells1. The gen-
eral structure of this class of drugs involves a targeting 
moiety linked to a therapeutic payload via a spacer that 
often contains a cleavable bond (FIG. 1). Although the 
therapeutic component may be similar among members 
of this class of drugs, a wide variety of targeting moie-
ties have been used, and antibodies2,3, aptamers4–6, small 
protein scaffolds7, peptides8–11 and low-molecular-weight 
non-peptidic ligands12–16 are all attracting considerable 
attention. Antibody–drug conjugates (ADCs) have had 
the greatest success to date17–19, with two ADCs (trastu-
zumab emtansine20 and brentuximab vedotin21) already 
on the market and many more in clinical trials. However, 
the recent clinical development of multiple low-molecular-
weight non-peptidic ligand–drug conjugates (vintafolide, 
etarfolatide, EC1456 and EC1669), together with the 
intense research focused on aptamer-, scaffold- and 
peptide-targeted drugs22, suggests that these smaller 
targeted conjugates could be poised for similar success.

In this Review, we focus on the smaller ligand‑targeted  
drugs, as they differ markedly (and often advanta-
geously) in their pharmacokinetics8, antigenicity23,24, 
in vivo and in vitro stability25, conjugation chemistry26,27, 
ease and cost of manufacturing28, and ability to pene
trate solid tumours29–35 compared with their larger, 
more complex counterparts. We summarize the crite-
ria for the effective design and development of low-
molecular-weight ligand-targeted cancer therapeutics 
and, in particular, address the principles that influence 

selection of the targeted receptor, design of the targeting  
ligand and optimization of the therapeutic payload. We 
also discuss the linker chemistry for tethering a ligand 
to its therapeutic payload and possible linker-cleavage 
strategies for the selective release of the payload after 
endocytosis by malignant cells. Finally, we review the 
ligand–drug conjugates and ligand–imaging-agent 
conjugates that are in preclinical development and in 
clinical trials.

Tumour-specific receptor selection
The approval of a drug by the US Food and Drug 
Administration (FDA) or other regulatory agency is pri-
marily determined by its efficacy and safety. For ligand–
drug conjugates, efficacy is predominantly controlled by 
the potency of the conjugate’s therapeutic payload and 
the number of receptors available to mediate drug inter-
nalization by cancer cells. Safety is governed by the speci-
ficity of the targeted conjugate for cancer cells compared 
with normal cells. As the safety aspect depends on the 
biodistribution and location of the receptors to which 
the conjugate binds, careful selection of the cancer cell 
receptor is essential to minimize conjugate toxicity.

Level of cancer-specific receptor expression. To be useful 
for targeted drug delivery, the targeted receptor must 
generally meet two criteria: it must be overexpressed on 
cancer cells relative to normal cells36,37, and its absolute 
level of expression on cancer cells must be sufficient to 
enable delivery of therapeutic quantities of the desired 
drug by receptor-mediated endocytosis.
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Receptor overexpression
The high expression level of a 
receptor in one tissue relative 
to other tissues (for example, in 
tumours versus healthy cells).

Receptor recycling rate
The rate at which a surface 
receptor internalizes and then 
returns to the cell surface.

Regarding receptor overexpression relative to normal 
cells, a threefold overexpression of the targeted recep-
tor on the cancer cell is generally considered to be suf-
ficient to warrant further investigation, although greater 
upregulation is preferred. The reasons for this assessment 
are as follows. First, delivery of even threefold more of 
a drug into a malignant cell than into a healthy cell is a 
substantial improvement compared with the correspond-
ing non-targeted therapy12. Second, many normal tissues 
are relatively non-mitotic and are therefore less sensitive 
to antimitotic chemotherapeutic agents than are cancer 
cells38. Third, the receptor recycling rate is often greater in 
malignant cells than in healthy cells39,40, allowing a simi-
lar receptor abundance to translate into increased drug 
delivery in cancer cells. Finally, many of the more promi-
nent receptors that are currently targeted by drugs in the 
clinic are expressed in only twofold to threefold excess in 
malignant tissues. For example, the receptor tyrosine pro-
tein kinase ERBB2 (also known as HER2) is expressed in 
only twofold excess in breast cancer relative to normal tis-
sue41, whereas CD30 is expressed in 3.3‑fold and 4.4‑fold 
excess in Hodgkin’s lymphoma42 and anaplastic large cell 
lymphoma43, respectively. Transmembrane protein NMB 
is similarly present in fourfold excess in melanoma rela-
tive to healthy tissue44,45. Other examples of receptors that 
are commonly overexpressed in certain types of cancer 
include hepatocyte growth factor receptor (encoded by 
MET)46,47, luteinizing hormone-releasing hormone recep-
tor48 and epidermal growth factor (EGF) receptor49.

In addition to the desired overexpression of the tar-
geted receptor on cancer cells, a minimal absolute level 
of receptor expression is required. Therefore, if one plans 
to deliver a drug with a median inhibitory concentra-
tion (IC50) of 10 nM into a cancer cell to induce tumour 
regression, the intracellular concentration of drug might 
need to be sustained at 30 nM to promote quantitative 
tumour cell death. Assuming an average cancer cell 
diameter of 20 μm, one can estimate an intracellular vol-
ume of ~4,000 μm3, suggesting that ~72,000 molecules 
must be maintained within the cancer cell to achieve the 
desired steady-state concentration of 30 nM. Assuming 

that 3 molecules can be delivered by each receptor per 
day39, achievement of a therapeutic dose would require 
at least 24,000 receptors per cell, as long as there is no 
loss of drug due to metabolism or excretion during this 
period. Common tumour-enriched antigens, such as 
folate receptor (FR)50, prostate-specific membrane anti-
gen (PSMA; also known as FOLH1)51 and glucose trans-
porter 1 (GLUT1; also known as SLC2A1)52, are often 
expressed in vast excess of this threshold receptor den-
sity. For example, the level of FR type α (FRα) expression 
may be as high as 2.8 million receptors per cancer cell53,54. 
Although PSMA is expressed at lower levels, many pros-
tate cancers, including the LNCaP (PSMA+) prostate can-
cer cell line, express in excess of one million receptors per 
cell55. Other receptors that may be present in sufficient 
quantities on cancer cells to be useful for targeted drug 
delivery include somatostatin receptor 2 (SSTR2)56–58, 
cholecystokinin type B receptor (CCKBR)59–61, bombesin 
receptor62–64, and sigma non-opioid intracellular recep-
tor 1 (SIGMAR1) and SIGMAR2 (REFS. 65–69). Moreover, 
several cell-adhesion proteins70, such as intercellular 
adhesion molecule 1 (ICAM1; also known as CD54)71–73, 
leukocyte function-associated antigen 1 (LFA1; also 
known as ITGB2)74 and CD24 (REF. 75), are overexpressed 
on some tumours, for which they have notable potential 
for use in ligand-targeted therapies71.

Internalization and rate of receptor recycling. In receptor-
mediated drug delivery, the ligand–drug conjugate will 
commonly enter its target cell by receptor-mediated 
endocytosis76–78 and then traffic to an intracellular com-
partment such as a recycling endosome, a compart-
ment of uncoupling of receptor and ligand (CURL) or 
a lysosome. Within a CURL, the conjugate and receptor 
may dissociate from one another and sort into separate 
intracellular compartments79, allowing the receptor to 
be either degraded or returned to the cell surface for 
another round of endocytosis39 (FIG. 2).

As the availability of empty receptors on the plasma 
membrane will depend on the rate of return of unoc-
cupied receptors from intracellular endosomes, an ideal 
receptor will be one that either recycles frequently or is 
resynthesized rapidly following degradation. Examples 
of receptors that meet these requirements include EGF 
receptor80, PSMA and FRα54. Recycling rates and resyn-
thesis rates may vary among receptors and cell types, so 
each must be separately analysed for every pathologic tis-
sue54. An assessment of the rate of receptor replenishment 
on the cell surface is crucial, as any drug that is admin-
istered more frequently than the rate of reappearance of 
empty receptors at the cell surface will cause unnecessary 
toxicity39.

Although the internalization of the targeted recep-
tor is helpful to achieve a desired therapeutic effect, 
it is not always necessary. For example, Z‑360 is an 
orally deliverable CCKBR antagonist that has been 
used to target imaging agents and therapeutic agents 
to tumours that overexpress CCKBR81. Like most other 
antagonists, Z‑360 is not endocytosed; nevertheless, 
successful therapy has been observed owing to the high 
tumour-specific expression of CCKBR that resulted in 

Figure 1 | Schematic of a typical ligand–drug conjugate.  
The design of ligand-targeted therapeutic agents 
commonly includes: a targeting ligand; a spacer;  
a cleavable bridge that is stable in circulation but  
that permits drug release following endocytosis into a 
target cell; and a therapeutic ‘warhead’. Conversely, 
ligand-targeted imaging agents generally do not  
contain a cleavable bridge, and the payload consists  
of an imaging, rather than a therapeutic, agent.
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the concentration of the conjugate on all malignant 
cell surfaces82. Therefore, a non-internalizing receptor-
targeted drug will still accumulate in the diseased tissue 
if three conditions are met. First, the targeted receptor 
must be enriched in the diseased tissue. Second, the 
therapeutic ‘warhead’, post-cleavage, must be released 
from the targeting ligand at the cell surface without 
requiring entry into the target cell. Finally, the size of 
the cluster of pathologic cells must be sufficient to ensure 
that any drug that is released from one pathologic cell 
would have to diffuse past many other pathologic cells 
before it could leave the tumour mass. These three cri-
teria will certainly be met in many solid tumours, where 
extracellular hydrolytic enzymes such as matrix metal-
loproteinase 2 (MMP2) and MMP9 (REFS 83,84) can be 
exploited for enzymatic drug release and where malignant 
lesions can be millions of cell layers thick.

Location and accessibility of receptor. An ideal target 
receptor will generally be expressed on the surface of 
a cancer cell and not within its cytoplasm or nucleus. 
Although expression data on intracellular receptors 
(such as steroid receptors and retinoic acid receptors) 
may reveal that such receptors are upregulated in patho-
logic cells85,86, ligand–drug conjugates that target these 
intracellular receptors must be nonspecifically perme-
able to cell membranes in order to have access to them. 
Such conjugates will obviously also enter healthy cells, 
where they may encounter similar conditions that pro-
mote drug release, causing unwanted damage to the 
healthy tissues. Moreover, as the volumes of distribution 
for drug conjugates that must diffuse passively across 

plasma membranes to find their intracellular receptors 
will necessarily include receptor-negative cells, higher 
concentrations of conjugate will have to be adminis-
tered to achieve an effective dose. By contrast, ligand–
drug conjugates that target cell surface receptors can be 
designed to be membrane-impermeable, ensuring that 
only cells with the appropriate cell surface receptors can 
promote their uptake.

Receptors that are normally expressed only on the 
apical surfaces of healthy epithelial cells (for instance, 
FRα87, the urokinase receptor88,89 and certain mucins90) 
may also provide unique opportunities for tumour-
specific targeting. Specifically, receptors that are 
restricted to the apical surface of polarized epithelial cells 
(such as vascular epithelial cells) will be inaccessible to 
parenterally administered drugs owing to intercellular 
junctions (comprising adherens junctions, desmosomes, 
tight junctions and gap junctions), which prevent solutes 
and particles from crossing the epithelium91. However, 
upon malignant transformation, such apically restricted 
receptors frequently become accessible to intravenous 
drugs because intercellular junctions are lost during 
tumorigenesis and apically restricted receptors become 
randomly positioned over the entire cell surface (FIG. 3). 
Thus, a receptor that is normally present solely on the 
apical surface of an epithelial cell may still be a good 
receptor for tumour targeting if its expression persists 
in the non-polarized malignant cell. However, candidate 
receptors must remain tethered to the cell surface and not 
be cleaved or shed into circulation, as an accumulation 
of the receptor in the bloodstream will divert the ligand-
targeted drug away from the tumour tissue92–95.

Figure 2 | Ligand–drug conjugate entry into the cell.  Following endocytosis, ligand–drug conjugates may be trafficked 
through different intracellular compartments, depending on the receptor that is exploited for the internalization of the 
conjugate. Some of the more common compartments that are encountered during intracellular trafficking include: early 
endosomes; compartments for uncoupling of receptor and ligand (CURLs), where dissociation of the conjugate from the 
receptor may occur; recycling endosomes, which can deliver the internalized receptor back to the cell surface; and 
lysosomes, where the receptor and the conjugate can be degraded.
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Criteria for ligand selection
Once the ideal receptor for drug targeting is identified, 
a ligand with optimal affinity, specificity, size and func-
tional-group availability must be designed for receptor-
specific delivery. Criteria that govern the design and 
synthesis of such targeting ligands are described below.

Binding affinity. Given that the systemic dose of a ligand–
drug conjugate required to saturate tumour-specific  
receptors will depend on the affinity of the ligand for 
its receptor, the higher the affinity of the ligand, the 
lower the concentration of drug necessary to achieve 
receptor saturation. Thus, a ligand–drug conjugate with 
nanomolar affinity will occupy all targeted receptors 
at a 1,000‑fold lower concentration than will a ligand–
drug conjugate with micromolar affinity, decreasing the 
chance of systemic toxicity from nonspecific deposition 
in healthy tissues. In our experience, only ligands with 
values of affinity for their receptors of dissociation con-
stant (Kd) ~10 nM or lower should be pursued. Indeed, 
the successful targeting ligands that have been developed 
in our laboratory all bind to their cognate receptors with 
low nanomolar affinities82,96–98. If ligands of sufficiently 
high affinity cannot be identified, then the ligation of 
multiple ligands to the same therapeutic payload can 
compensate with improved avidity99,100. For example, 
the median lethal dose (LD50) of a paclitaxel conjugate 
that targets HER2‑expressing cancer cells with a peptide 
ligand was found to be 2.5 μM, but this was improved  
to 160 nM simply by adding a second targeting peptide to 
the conjugate101.

Target selectivity. Tumour specificity will obviously be 
compromised if the targeting ligand recognizes other 
members of a receptor family that are not tumour-specific. 
For example, the SSTR family consists of five members, 

of which only two are commonly upregulated in neuro
endocrine cancers102 and therefore useful for tumour tar-
geting. The use of a tumour-isoform-specific ligand will 
avoid toxicity to the healthy tissues that express a different 
isoform of the targeted receptor. Similarly, whereas gastrin 
(or cholecystokinin) receptor family members are widely 
distributed in healthy tissues, only a targeting ligand that 
is specific for CCKBR will be useful for tumour-specific 
targeting82,96. If an isoform-specific ligand cannot be iden-
tified, ligands that bind to allosteric sites may be used, as 
allosteric binding sites generally differ more among family 
members than do orthosteric sites103.

Derivatizability of ligand. The targeting ligand should 
preferably have a derivatizable functional group — such 
as a carboxylic acid, amine, alcohol, thiol or haloaromatic 
substituent — for facile conjugation to the desired imag-
ing or therapeutic agent. These moieties enable rapid 
coupling to functional groups on the spacer via simple 
and robust chemistry (for instance, through the forma-
tion of amides, carbamates, oximes, esters, carbonates or 
disulphides97,104–107). Unfortunately, in our experience, the 
attachment of such functional moieties can often interfere 
with the ability of a ligand to bind to its receptor. In this 
scenario, structure–activity relationships must be exam-
ined to identify sites on the ligand where modification will 
not interfere with receptor binding.

Size of ligand–drug conjugates. Although control over 
the size of the required therapeutic or imaging payload 
may be limited, there are often opportunities to adjust 
the size either of the targeting ligand or of the connecting 
linker to create a therapeutic conjugate with the desired 
pharmacokinetics78,108. The fact that conjugate size can 
substantially influence the rate and magnitude of drug 
accumulation in solid tumours has been demonstrated 

Figure 3 | The effect of epithelial-cell transformation on the accessibility of apical receptors.  Owing to the loss of 
intercellular junctions (including tight junctions, adherens junctions, desmosomes and gap junctions) between epithelial 
cells upon malignant transformation, receptors that are normally located on the apical surface of a healthy epithelial cell 
(which are consequently normally inaccessible to parenterally administered drugs) become randomly distributed around 
the entire plasma membrane of a malignant cell, allowing easy access by targeted drugs.
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through the analysis of the kinetics of tumour uptake 
of a homologous series of folate–polyethylene-glycol 
(PEG)–rhodamine conjugates that consisted of folic 
acid tethered to rhodamine via PEG spacers of different 
molecular weights. Increasing the size of the PEG spac-
ers in these conjugates was found to markedly reduce 
tumour penetration, and even small increases in PEG 
molecular weight could cause notable reductions in 
tumour accumulation108. Clearly, if ligand size or linker 
size can be controlled without a substantial loss of recep-
tor specificity or affinity, lower-molecular-weight com-
ponents will generally be preferred.

In general, conjugate size can influence drug delivery 
into solid tumours via several important mechanisms. 
First, large drug carriers such as polymers and liposomes 
may passively accumulate in tumour tissues owing to 
the enhanced permeability and retention (EPR) effect, 
whereby defects or gaps in the tumour vasculature allow 
the extravasation and accumulation of larger particles 
(usually with diameters <600 nm)30,109 that would be 
retained within the blood vessels of healthy tissues. 
Unfortunately, further penetration of these same large 
particles is often hampered by the dense extracellular 
matrix that is found in most solid tumours (indeed, 
some tumour interiors can become anoxic because even 
oxygen diffusion is hindered) and by a malformed lym-
phatic system, leading to problems with the delivery 
of nanoparticles to cells deep within a tumour mass29. 
However, such deficiencies in tumour penetration can be 
overcome if the low-molecular-weight therapeutic cargo 
can be released and allowed to diffuse independently 
into the tumour. This strategy has, in fact, been success-
fully used to deliver the entrapped doxorubicin from 
large, thermally sensitive liposomes into solid tumour 
tissue110. The impact of tumour biology on drug delivery 
has been reviewed elsewhere111–114.

A second mechanism through which conjugate size 
can influence drug delivery relates to the effect of par-
ticle size on both the rate of excretion through the kid-
neys and the removal of the drug from the bloodstream 
by cells of the mononuclear phagocytic system (MPS). 
Particles or molecules that are smaller than ~40 kDa are 
typically extracted from the blood by the glomerulus 
into the urine and excreted from the body rapidly115, 
whereas particles larger than this threshold can circulate 
much longer within the vasculature116. Unfortunately, 
particles that are larger still — especially those that are 
>100 nm in diameter — are increasingly more aggres-
sively scavenged from circulation by Kuppfer cells and 
other phagocytic cells of the MPS. Thus, nanoparticles 
>100 nm in diameter may accumulate more promi-
nently in the liver than in their intended pathologic 
tissues117,118.

Although low-molecular-weight drug conjugates do 
not accumulate in solid tumours owing to the EPR effect, 
they will nevertheless passively perfuse a cancer mass 
more thoroughly and rapidly than do macromolecular 
drug carriers119. Moreover, any low-molecular-weight 
drug conjugate that is not captured by a receptor will 
generally be rapidly excreted from the body, reducing 
the likelihood of toxicity from unwanted drug release in  

healthy tissues. In our experience, receptor saturation 
after intravenous administration of a low-molecular-
weight drug conjugate is generally achieved 5–20 minutes 
following injection108, and low-molecular-weight drug 
conjugates are commonly excreted with markedly faster 
kinetics than are larger conjugates. For example, etarfola-
tide (which has a relative molecular mass (Mr) of ~856), a 
folate-targeted imaging agent in Phase III clinical trials, is 
cleared primarily via urinary excretion with a half-life of 
25 minutes120, and the DNA-alkylating agent glufosfamide 
(which has an Mr of ~ 383) is excreted with a half-life of 
2.3 hours121. By contrast, the much larger PSMA-targeted 
liposomal nanomedicine BIND‑014 (TABLE 1) exhibits a 
half-life in rats of more than 20 hours122. By minimizing 
the time a low-molecular-weight ligand-targeted thera-
peutic agent spends in circulation, the probability of 
premature drug release in healthy tissues, and thereby 
the likelihood of off-target toxicity, is reduced123,124. 
However, the duration of drug conjugate exposure to 
receptor-expressing target tissues is also reduced.

Criteria for linker design
As the structural constraints on the design of the tar-
geting ligand and therapeutic payload are often strin-
gent, the optimization of the pharmacokinetic and 
pharmacodynamic properties of a targeted drug is 
generally achieved by modifying the linker chemistry. 
Moreover, injudicious linker design can compromise 
receptor affinity and/or payload efficacy, especially if the 
linker sterically interferes with ligand or payload func-
tion. Therefore, careful consideration of linker design is 
essential for optimal drug performance. The key elements 
of linker design are described below.

General physicochemical properties. Linkers or spacers  
that tether the targeting ligand to the therapeutic or 
imaging cargo can contribute to conjugate performance, 
as they can influence ligand–receptor binding and non-
specific adsorption of the conjugate to off-target tissues, 
as well as affecting the pharmacokinetics and pharmaco-
dynamics of tumour penetration, metabolism and excre-
tion. If attachment of a desired drug in close proximity 
to the targeting ligand directly interferes with receptor 
binding, such steric obstruction can often be avoided 
by inserting an inobtrusive spacer between the ligand 
and its cargo. For example, PSMA-targeted imaging 
agents bind with much higher affinity when the ligand 
2-[3-(1,3‑dicarboxy propyl)-ureido]pentanedioic acid 
(DUPA) is connected to the imaging moiety via an alkyl 
chain that comprises at least six atoms125. However, if 
such a spacer (for example, a short PEG) still compro-
mises receptor binding, the avoidance of steric interfer-
ence may require the selection of a more accessible site 
on the ligand for spacer attachment. Identification of 
preferred ligand attachment sites is often facilitated by 
structural information on the receptor–ligand complex, 
from which the regions of the receptor-bound ligand 
that are exposed to the aqueous medium can be identi-
fied and then used for linker attachment. For example, 
the structures of the naltrindole-bound μ-opioid and 
δ‑opioid receptors show that an indole moiety on the 
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antagonist protrudes from the binding cleft and is acces-
sible to the surrounding solution126. Clearly, the conju-
gation of the linker to the antagonist at this site should 
reduce any loss in antagonist affinity.

In some cases, decreases in ligand-binding affinity 
can also result from unwanted intramolecular associa-
tions between the ligand and its tethered cargo. If this 
occurs, a more rigid spacer can prevent such intramolec-
ular interference127. For example, Ueda and colleagues128 
found that a rigid spacer (namely, triazolyl-phenyl) 
markedly enhanced the affinity of jasmonate for its 
receptor compared with a similar construct that lacked 
the spacer. With a fully optimized spacer, the affinity 

of the ligand–drug conjugate for the targeted receptor 
should be similar to the affinity of the free ligand for the 
same receptor.

Targeting ligands and chemotherapeutic agents 
are often designed to be hydrophobic to maximize 
membrane permeability and receptor affinity. As such 
hydrophobicity may promote unwanted nonspecific 
associations with lipoproteins, scavenger receptors 
and lipid bilayers or membranes, it may be useful to 
use a linker that will confer overall hydrophilicity129 
on the final ligand–drug conjugate. These spacers can 
be made of polysaccharide130, hydrophilic amino acids, 
PEGs of varying lengths or peptidoglycans131,132. Such 

Table 1 | Ligand-targeted therapeutic agents in clinical development

Ligand-targeted drug 
(ligand–drug)

Target Sponsor Current stage of development and 
indication

ClinicalTrials.gov 
identifier

Refs

Vintafolide 
(folate–desacetylvinblastine 
hydrazide)

FR Endocyte Phase III in combination with liposomal 
doxorubicin (Doxil) for the treatment of 
platinum-resistant ovarian cancer*

NCT01170650 166

Phase II in combination with docetaxel for 
NSCLC, ovarian and endometrial cancers

NCT01577654 206

EC0225 
(folate–desacetylvin-
blastine-hydrazide or 
folate–mitomycin C)

FR Endocyte Phase I for solid tumours (refractory or 
metastatic)

NCT00441870 167

EC0489 
(folate–desacetylvinblastine 
hydrazide with modified 
linker)

FR Endocyte Phase I for solid tumours (refractory or 
metastatic)

NCT00852189 135

EC1456 
(folate–tubulysin)

FR Endocyte Phase I for solid tumours NCT01999738 −

EC17 
(folate–FITC-hapten)

FR Endocyte Phase II immunotherapy for renal cell carcinoma NCT00485563 207

Epofolate (also known as 
BMS‑753493; 
folic acid–epothilone)

FR Bristol-Myers Squibb Reached Phase II for advanced solid tumours, 
although development has since been halted

NCT0055017 168,169

Glufosfamide 
(glucose–iphosphoramide)

GLUT1 Threshold 
Pharmaceuticals 
and Eleison 
Pharmaceuticals

Phase II for soft-tissue sarcomas (halted) NCT00441467 175

Phase III for metastatic pancreatic cancer as a 
second-line treatment

NCT01954992 174

NGR-TNF 
(Asn-Gly-Arg–TNFα)

APN EORTC and MolMed 
S.p.A.

Phase II for soft tissue sarcomas NCT00484341 176,177, 
208

Phase I for solid tumours NCT00483093

Phase II for ovarian cancer NCT01358071

Phase II for kidney cancer NCT00484211

Cancers of the colorectal system (Phase II and 
pilot)

NCT00483080; 
NCT00675012

GRN1005 (also known as 
ANG1005; 
angiopep 2–paclitaxel)

LRP1 AngioChem Phase II for breast cancer with brain metastases NCT01480583 8,178, 
209

Phase II in combination with trastuzumab for 
NSCLC with brain metastases

NCT01497665

BIND‑014 
(PSMA-targeted liposomal 
docetaxel)

PSMA Bind Therapeutics Phase II for prostate cancer NCT01812746 186

Phase II for NSCLC NCT01792479

Phase II for solid tumours NCT01300533

APN, aminopeptidase N; EORTC, European Organization for Research and Treatment of Cancer; FITC, fluorescein isothiocyanate; FR, folate receptor; GLUT1, 
glucose transporter 1; LRP1, low-density lipoprotein receptor-related protein 1; NSCLC, non-small-cell lung cancer; PSMA, prostate-specific membrane antigen; 
TNFα, tumour necrosis factor-α. *Enrolment in this trial was suspended in May 2014 following a recommendation from the data safety and monitoring board, 
based on lack of efficacy. No safety concerns were identified. The data are currently being reviewed.
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Self-cleaving linkers
Tethers between targeting 
ligands and the imaging or 
therapeutic cargo that  
cleave upon (but not before) 
internalization of the conjugate 
inside tumour cells.

water-soluble spacers may not only reduce nonspecific 
interactions but also prevent the passive penetration of 
the cytotoxic conjugate into receptor-negative cells133.

The rate and route of tumour penetration and con-
jugate excretion can also be strongly influenced by judi-
cious selection of the spacer chemistry. In general, we 
prefer that any ligand–drug conjugates that are not cap-
tured by their targeted receptors be rapidly excreted by 
the kidneys, as prolonged circulation can lead to prema-
ture drug release and the associated off-site toxicity. To 
achieve rapid kidney excretion, we again desire our con-
jugates to be hydrophilic134, as reduced plasma-protein 
binding and limited nonspecific adsorption can facilitate 
kidney filtration. Moreover, as highly anionic conjugates 
are often cleared by organic anion transporters in the 
liver, the use of multiple negatively charged groups 
in the linker can bias the extent of excretion from the 
kidneys towards the liver, bile duct and gut, leading to 
slower excretion from the body and a higher probability 
of off-target drug release135. Furthermore, the presence 
of peptide-scavenger receptors in the liver and kidneys 
can promote unwanted retention of peptide-containing 
spacers by both systems136. For example, in a Phase I 
clinical trial of vintafolide, constipation resulting from 
hepatic–biliary clearance of the drug was identified as the 
dose-limiting toxicity. To reduce this hepatic–biliary dep-
osition of the drug in the gut, the tetrapeptide spacer was 
replaced with a more hydrophilic glucitolyl-γ‑glutamate 
spacer, resulting in predominantly renal clearance. The 
use of the re‑engineered spacer alleviated the constipa-
tion and enabled the unbound drug to be excreted via a 
less toxic route135.

Use of cleavable bridges. Whereas a non-cleavable bridge 
between a ligand and an attached imaging agent is gen-
erally preferred, a cleavable bridge is usually desired 
for delivery of therapeutic cargoes, as the release of the 
unmodified cytotoxic agent is often required for maximal 
drug efficacy77 (FIG. 4). Such cleavable linkers must remain 
intact during transit through the vasculature to the tumour 
but must lyse rapidly upon capture and internalization by 
the malignant cell137. As receptor-mediated endocytosis 
constitutes a major pathway of ligand-targeted drug deliv-
ery, the use of self-cleaving linkers, such as acetals (FIG. 4e), 
hydrazones57,138 and esters that are hydrolysed at the acidic 
pH found in many endosomes137, has become a popular 
strategy for intracellular drug release. Other chemistries 
that lend themselves to intracellular drug release include 
disulphide reduction139 (FIG. 4a,b) and endosomal enzyme 
hydrolysis140–142 (FIG. 4c,d). In most cases, an elimination 
cascade should be designed into the linker to ensure that 
no atoms from the spacer remain attached to the released 
drug. Several such self-cleaving release chemistries have 
been described in the literature143–145.

Criteria for payload selection
An optimally designed linker and targeting ligand will 
be of little value if the therapeutic payload is unable to 
kill the cancer cell. However, cytotoxicity depends on the 
intrinsic toxicity of the therapeutic agent, the efficiency of 
the release of the therapeutic payload from the targeting 

ligand–linker complex, the avoidance of multidrug efflux 
pumps and intracellular metabolism, and the ability of 
the therapeutic agent to reach its intended intracellular 
target. Unfortunately, not all therapeutic payloads meet 
all of these criteria, so careful selection of an appropriate 
therapeutic agent is essential for eventual clinical success.

Drug potency. As most ligand–drug conjugates are 
designed to deliver only one therapeutic molecule per 
ligand, the potency of the attached drug must be high in 
order to achieve maximal killing of cancer cells. In the 
case of folate-targeted drugs, as receptor numbers may 
exceed 106 per cancer cell, an IC50 of <10−8 M has gener-
ally been found to be sufficient, as long as the affinity of 
the ligand has not been compromised by attaching the 
drug molecule. If the number of available receptors is 
below 106 per cell50, drugs of even greater potency will 
be required. Although it is tempting to propose that such 
limitations on potency can be solved simply by attaching 
more therapeutic warheads to the same targeting ligand, 
it is generally much easier to develop a single drug mole-
cule with a tenfold higher potency than it is to attach ten 
molecules of the same lower-potency drug. Indeed, with 
the exception of GRN1005 (REF. 144), all of the ligand-
targeted drug conjugates currently in clinical trials are 
linked to high-potency drugs that have low-nanomolar 
or subnanomolar IC50 values3 (TABLE 1; FIG. 5).

Mechanism of action. In our opinion, chemotherapeu-
tics that block fundamental processes associated with cell 
proliferation and survival — such as cytokinesis, DNA 
replication, anti-apoptotic processes or protein synthesis 
— may prove more ‘resistance-proof ’ than might agents 
that interrupt upstream signalling pathways, because 
such blockades can often be bypassed by the activation 
of a downstream effector in the same or a parallel path-
way146,147. It is also important to recognize that if tumour 
targeting is sufficiently specific, toxic agents that dis-
rupt essential metabolic processes that are not unique 
to the transformed state (for example, glycolysis148,149, 
glutaminolysis150, (Na+, K+)-ATPase function151,152 and 
sugar transport149) or that activate fundamental mecha-
nisms of apoptosis might also prove effective as targeted 
chemotherapeutic agents153–155. Resistance mechanisms 
that can evade targeted inhibition of these fundamen-
tal processes may be slow to develop, as few alternative 
mechanisms exist.

Drug release and metabolism within the targeted cell. 
Even with the inclusion of a self-cleaving linker that 
enables an unmodified drug to be released following  
receptor-mediated endocytosis, the released drug 
must still escape the encapsulating endosome to be 
therapeutically active. Most well-established chemo-
therapeutic agents already exhibit adequate membrane 
permeability, as they have demonstrated potency when 
added to intact cells. By contrast, peptides, oligonucleo-
tides, antibodies and proteins do not generally diffuse 
passively across lipid bilayers and therefore become 
trapped within the endosomes until they are released 
by some exogenous mechanism. Cell-permeating 
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peptides156,157, pore-forming and caged fusogenic or  
cationic lipids156,158–160, and photothermally activated 
complexes161 have all been investigated for use in pro-
moting drug egress from endosomes162. However, in each 
of these cases, notable heterogeneity and bulk have been 

added to the intended drug product, rendering the path 
to regulatory approval more difficult. Clearly, further 
improvements in facilitating drug escape from the endo-
some will be required before the intracellular delivery  
of biologic therapeutics can reach its full potential.

Figure 6 | Structures of ligand-targeted imaging agents that are currently undergoing clinical trials.   
The structure of folate, which targets several imaging agents included here to tumour folate receptors, is shown  
in the top left. 
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Ligand-targeted therapeutics in trials
As mentioned above, FRα is overexpressed on many 
epithelial cancers, including cancers of the ovary163, 
breast87, lung164, kidney50 and colon165. As the chemistry 
for the conjugation of folate to therapeutic and imaging 
agents is well characterized12, folate-linked drugs cur-
rently constitute a large proportion of ligand-targeted 
drugs in clinical trials (FIG. 5; TABLE 1). Encouragingly, 
a recent interim analysis of Phase II data comparing 

vintafolide plus docetaxel with docetaxel alone showed 
promise of the combination treatment for extending 
overall survival of individuals with non-small-cell lung 
cancer (NSCLC)166. Most notably, the Phase IIb trial data 
(ClinicalTrials.gov identifier: NCT01577654) indicate 
that the combination therapy improves median pro-
gression-free survival from 3.0 months to 4.2 months, 
with an increased median overall survival of 5.9 months 
(from 6.6 months to 12.5 months).

Figure 7 | Additional structures of ligand-targeted imaging agents that are currently undergoing clinical trials.   
PRDG2 (PEGylated arginine-glycine-aspartic acid dimer), which features in several of the structures featured here,  
is shown in the top right.  DOTATATE, tetraazacyclododecane tetraacetic acid-octreotate; DOTATOC, DOTA-(tyrosine 3)- 
octreotide; DUPA, 2-[3-(1,3‑dicarboxypropyl)-ureido]pentanedioic acid.
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EC0225, a folate conjugate that comprises two sepa-
rate therapeutic warheads, and EC0489, a folate–vinca-
alkaloid conjugate similar to vintafolide but containing a 
linker that reduces biliary clearance, are both undergoing 
Phase I evaluation for the treatment of refractory solid or 
metastatic tumours (NCT00441870 and NCT00852189, 
respectively)167. Epofolate (BMS‑753493), a folic acid–
epothilone conjugate, completed Phase I and Phase II 
assessments for the treatment of advanced solid tumours 
but, owing to lack of efficacy, has been withdrawn from 
further clinical investigation168,169. A considerably more 
potent folate–tubulysin conjugate, EC1456, entered 
clinical trials this year (NCT01999738), and EC0905, 
a folate–vinblastine conjugate, has shown considerable 
promise in preclinical studies for treating spontaneous 
bladder cancers in dogs170.

Several glucose-linked drugs designed to deliver 
attached therapeutics to tumours that overexpress a glu-
cose transporter are also undergoing clinical evaluation or 
late preclinical development171–173. Most notably, glufos-
famide — a glucose conjugate of iphosphoramide — has 
advanced to Phase III clinical trials (NCT01954992)174, 
in which it is being assessed for treatment of metastatic 
pancreatic cancer. Glufosfamide has also proved effective 
against soft-tissue sarcomas, for which it progressed into 
Phase II trials (NCT00441467)174,175; however, its devel-
opment for this indication seems to have been halted. 
The NGR (Asn-Gly-Arg) peptide ligand which targets 
aminopeptidase N (a cell surface receptor that is overex-
pressed in many cancers), is also undergoing evaluation 
as a conjugate with tumour necrosis factor-α for treat-
ment of solid tumours (NCT00483093)176,177. Low-density 
lipoprotein receptor-related protein 1 (LRP1), a cell sur-
face receptor that is involved in cancer metastasis, has 
been successfully targeted by a small-molecule drug con-
jugate that consists of three molecules of paclitaxel linked 
to the homing peptide, angiopep 2 (REF. 8). This conju-
gate, named GRN1005, is currently undergoing Phase II  
trials for the treatment of NSCLC with brain metastases 
(NCT01497665). In addition, GRN1005 in combination 
with trastuzumab has advanced to Phase II studies as a 
therapeutic agent for breast cancer (NCT01480583)178.

Ligand-targeted imaging agents
Ligand-targeted cancer-imaging agents are also dem-
onstrating success in clinical trials by identifying and 
localizing tumour masses, and by selecting patients 
for corresponding ligand-targeted treatment (FIGS 6,7; 
TABLE 2). For example, the folate-targeted radioimag-
ing agent etarfolatide has not only established its utility 
for imaging FR‑positive malignant disease in individu-
als with lung, kidney, brain or ovarian cancer but also 
proved useful in identifying metastases in the lymph 
nodes of patients with lung cancer179. Moreover, etarfola-
tide has proved useful in selecting the patients with ovar-
ian or lung cancer who subsequently display a greater 
probability of responding to a folate-targeted therapy 
than do non-selected patients180.

Folate-targeted fluorescent dyes have also proved 
beneficial as tools to aid surgeons in the identification of 
malignant disease during surgery. For example, data from 

a trial of ten individuals with ovarian cancer found that 
fivefold as many malignant lesions could be removed with 
the aid of the folate-targeted fluorescent dye than with 
standard visual and tactile methods181. More importantly, 
all of the resected fluorescent lesions in this trial were 
subsequently confirmed by pathology to be malignant.

Ligands that can deliver attached imaging agents selec-
tively to PSMA overexpressed in prostate cancers have 
shown effectiveness in clinical trials (FIGS 6,7; TABLE 2). 
EC0652, a 99mTc‑conjugate of the PSMA‑targeting ligand 
DUPA98,125, and several related PSMA-targeting posi-
tron emission tomography (PET)-imaging agents have 
each demonstrated high specificity for prostate cancer 
metastases in Phase 0, Phase I and/or Phase II clinical 
trials182–185 (FIGS 6,7; TABLE 2). In addition to these imag-
ing agents, a PSMA-targeted nanoparticle formulation of 
docetaxel is in clinical development186, with one DUPA–
tubulysin conjugate, EC1169 (REF. 187), in Phase I trials 
(NCT02202447), and a second, EC1719, that will soon 
enter Phase I trials.

Other ligand-targeted radioimaging agents in human 
clinical trials include somatostatin analogues that are 
linked to radionuclide-chelating agents, such as edo
treotide (DOTATOC), DOTATATE (tetraazacyclodo
decane tetraacetic acid-octreotate; NCT01873248 and  
NCT01967537) and DOTANOC (DOTA-(tyrosine 3)- 
octreotide; NCT01747096) (FIGS 6,7; TABLE 2), which 
are being used to image neuroendocrine tumours188–191. 
SSTR2‑targeted radiotherapeutics that use lutetium‑177 
and yttrium‑90 are also currently under evaluation192,193. 
Other notable targeted imaging agents in clinical trials 
include: 111In-exendin‑4, which targets glucagon-like  
peptide 1 receptor and is being tested for imaging 
insulinomas (NCT02127541 and NCT00937079)194; 
NOTA (1,4,7‑triazacyclononane‑1,4,7‑triacetic acid)‑ 
(PEGylated arginine-glycine-aspartic acid dimer) 
PRGD2 and fluciclatide, which target αvβ3 integrin and 
are being tested in lung cancer (NCT01527058)195–200; 
18F‑VM4‑037, an imaging agent that has completed 
Phase II trials in kidney cancer (NCT01712685) and 
targets carbonic anhydrase 9, which is overexpressed 
in hypoxic tumours; and BAY86‑7548, a 68Ga-imaging 
agent that has been evaluated in prostate cancer 
(NCT01205321) and that targets the bombesin receptor 
subtype 2 (REF. 201) (FIGS 6,7; TABLE 2).

Conclusions
Low-molecular-weight ligand-targeted drugs have sev-
eral advantages over traditional non-targeted therapeu-
tic agents. First, targeted drugs will generally reduce 
unwanted toxicities by delivering the therapeutic war-
heads specifically to pathologic cells, thereby reducing 
the exposure of healthy cells to the drug. Second, patients 
that overexpress the targeted receptor in their diseased 
tissues can generally be identified before therapy by imag-
ing the patient using the same targeting ligand linked to a 
radiotracer. Companion diagnostics of this sort not only 
minimize the number of patients who might fail to ben-
efit from the therapy but may also improve the safety and 
efficacy of the corresponding therapeutic, increasing the 
likelihood of regulatory approval.
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Third, ligand-targeted therapeutics also offer greater 
flexibility for drug optimization than do standard non-
targeted therapeutics, primarily because drug safety and 
drug efficacy are engineered into structurally distinct 
and independently variable parts of the molecule. For 
instance, if adequate drug efficacy is not achieved with 

an initial drug payload, the therapeutic warhead can 
be repeatedly substituted until the optimal conjugate 
is identified. Similarly, drug safety is compromised 
by toxic side effects that result from the targeting of 
a given drug to healthy cells or organs; the targeting 
ligand can be independently exchanged until adequate 

Table 2 | Ligand-targeted cancer imaging agents in clinical trials*

Ligand-targeted  
imaging agent 
(ligand–imaging-agent)

Target Sponsor Current stage of development ClinicalTrials.gov 
identifier

Refs

EC17 
(folate–fluorescein)

FR On Target 
Laboratories

Phase II study of fluorescence-guided 
surgery of ovarian cancer

NCT01511055 207

OTL‑0038 
(Pte-Tyr–NIR-dye)

FR On Target 
Laboratories

Phase II study of fluorescence-guided 
surgery of ovarian, breast, lung and kidney 
cancers

NCT02317705 210

Etarfolatide 
(folate–99mTc)

FR Endocyte Phase III trials in FR‑positive cancer NCT01577654; 
NCT01170650; 
NCT01394679

179

Fluciclatide 
(Arg-Gly-Asp-PEGylated 
18F-PET or 18F-CT agent)

α
v
β

3
 

integrin
GE Healthcare Phase II response evaluation in kidney cancer NCT01961583 195−197

Phase II response evaluation in brain, colon, 
head and neck, and lung cancers

NCT00565721

Phase II response evaluation of several drugs 
for angiogenesis

NCT00117650

NOTA‑PRGD2 
(Arg-Gly-Asp–NOTA-18F, 
Arg-Gly-Asp–NOTA-99mTc or 
Arg-Gly-Asp–NOTA-68Ga)

α
v
β

3
 

integrin
Peking Union 
Medical College 
Hospital

Phase 0 study in lung cancer (68Ga) NCT01527058 198–200

Phase 0 study in glioma (68Ga) NCT01801371

123I-MIP‑1072 
and 123I-MIP‑1095 
(Glu-heterodimer–123I)

PSMA Molecular Insight 
Pharmaceuticals

Phase I imaging of prostate cancer (alone, 
and in comparison with the 111In‑monoclonal 
antibody ProstaScint scan)

NCT00712829 211

99mTc-MIP‑1404 and 
99mTc-MIP‑1405 
(Glu-heterodimer–99mTc)

PSMA Molecular Insight 
Pharmaceuticals

Phase II diagnostic imaging of prostate 
cancer

NCT01667536; 
NCT01667536

212

EC0652 
(DUPA–99mTc)

PSMA Purdue University Phase 0−II imaging of prostate cancer Not yet available 98,125

18F-DCFBC 
(Glu-carbamoyl–Cys-18F)

PSMA Sidney Kimmel 
Comprehensive 
Cancer Center

Phase II detection and imaging of metastatic 
prostate cancer

NCT01815515 185

DOTATATE 
(Oct–DOTA-68Ga)

SSTR2 Multiple sponsors Phase II imaging of neuroendocrine tumours NCT01873248; 
NCT01967537

188–191

Edotreotide (also known as 
DOTATOC; 
Phe-Tyr-Oct–DOTA)

SSTR2 NCI Phase III in malignant glioma NCT01460706 212

Phase I in other brain and carcinoid tumours NCT02194452

DOTANOC 
(Tyr-Nalc-Oct–DOTA-68Ga)

SSTR2 Multiple sponsors Phase III in gastroenteropancreatic 
neuroendocrine tumours

NCT01747096 189,190

111In-exendin‑4 
(exendin‑4–DTPA-111In)

GLP1R University Hospital, 
Basel

Phase II/III imaging of insulinomas and 
transplanted islet cells

NCT02127541; 
NCT00937079

194

18F-VM4‑037 
(CA9‑targeting sulphonamide)

CA9 Siemens Molecular 
Imaging

Phase II in kidney tumours NCT01712685 −

Phase 0 in lung, head and neck, kidney and 
liver cancers

NCT00884520

BAY86‑7548 
(bombesin–68Ga)

BR 
subtype 2

Piramal Imaging SA Phase I imaging of prostate tumours NCT01205321 201

α
v
β

3
 integrin, vitronectin receptor; BR, bombesin receptor; CA9, carbonic anhydrase IX; CT, computed tomography; DOTA, 1,4,7,10‑tetraazacyclododecane‑1,4,7,10‑ 

tetraacetic acid; DOTATATE, tetraazacyclododecane tetraacetic acid-octreotate; DOTATOC, DOTA-(tyrosine 3)-octreotide; DUPA, 2-[3-(1,3‑dicarboxypropyl)- 
ureido]pentanedioic acid; DTPA, diethylene triamine pentaacetic acid; FR, folate receptor; GLP1R, glucagon-like protein receptor 1; Nal, naphthyl side chain; 
NCI, US National Cancer Institute; NIR, near-infrared; NOTA, 1,4,7‑triazacyclononane‑1,4,7‑triacetic acid; Oct, octreotide; PRGD2, PEGylated arginine-glycine-
aspartic acid dimer; PET, positron-emission tomography; PSMA, prostate-specific membrane antigen; Pte-Tyr, pteroyl-tyrosine; SSTR2, somatostatin receptor 2. 
*Listed imaging agents include only those currently recorded on the ClinicalTrials.gov website (clinical trials approved by the US Food and Drug Administration).
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tumour specificity is achieved. As noted above, linker 
chemistries can also be optimized until the desired 
pharmacokinetics and pharmacodynamics are similarly 
obtained202.

Finally, ‘well-behaved’ tumour-targeting ligands 
can be exploited for additional applications beyond the 
immediate objective of treating the right patient with the 
right drug, including the facilitation of optimal tumour 
resection during surgery with ligand-targeted near-
infrared dyes and the isolation of circulating tumour 
cells from patient blood samples with immobilized 

tumour-specific ligands181. The implementation of these 
applications has been facilitated by the use of much 
brighter and/or tissue-transparent tumour-targeted 
dyes96,203 that allow not only the visualization of more-
deeply buried malignant lesions during surgery but 
also — with the aid of multiphoton intravital micros-
copy — the quantification of circulating tumour cells 
in vivo204,205. Additional applications of tumour-specific 
ligands are emerging; with multiple ligand-targeted 
drugs in clinical trials, the future of the field seems 
promising.
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