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ABSTRACT 

For any drug candidate to be approved by the U.S. Food and Drug Administration, it must 

meet strict standards for safety and efficacy. While the field of nuclear medicine is over 100 years 

old, traditional methods such as external beams or systematic administration have rarely met these 

standards or have limited application. Ligand-targeted therapy and diagnostics, or “theranostics,” 

has emerged in the past several decades as an exciting field that offers new possibilities to design 

drugs that are both safe and effective. When applied to nuclear medicine, the field of ligand-

targeted radioactive theranostics is younger still, with many critical lessons being discovered and 

applied currently. This dissertation outlines the necessary principles of radioactive theranostic drug 

design, then demonstrates the application of several more recent techniques to improve both the 

efficacy and safety of radioactive theranostics targeting two high priority oncological targets: 

fibroblast activation protein alpha and folate receptor.   
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 LIGAND-TARGETED RADIOTHERANOSTICS: A 
REVIEW 

1.1 Abstract 

While nuclear medicine as a field is over a century old, research into pairing nuclear 

medicine with ligand-targeted technology is in its relative infancy. Consequently, integration of 

many important but distinct advances lags behind mainstream practice. As more radioimaging and 

radiotherapy conjugates, or radiotheranostics, are approved for human use, it will be essential for 

interdisciplinary laboratories to rapidly adapt these lessons to the current research space. This 

Review seeks to encourage the coalescence of important lessons by outlining the current 

understanding of essential principles for designing a successful radiotheranostic: explanation of 

relevant receptors in cancer and their respective targeting-ligands, proper selection of 

radionuclides with compatible chelators, pharmacokinetic enhancements via linker modification, 

and potential combinations with other therapies. Expanding the understanding of ligand-targeted 

radiotheranostics will accelerate the progress of this evolving field. 

1.2 Introduction 

The field of nuclear medicine may date as far back as the late 1800s. Wilhelm Röntgen first 

discovered X-rays in 1895, and Emil Grubbe likely began using X-rays to treat cancer patients the 

following year.1 More possibilities unfolded when Marie Curie discovered the existence of 

radioactive elements radium and polonium in 1898, followed by the discovery of artificially 

produced radioactive nuclides in 1934 by Frédéric Joliot-Curie and Irène Joliot-Curie.2, 3 The 

establishment of the Oak Ridge National Laboratory in 1946 by Earnest Lawrence and the ensuing 

rapid production of reactor-produced radionuclides made the widespread medicinal use of 

radioactivity possible.   

With the advent of radioactivity research, tumor radiotherapy quickly became an application 

of focus. John Lawrence used phosphorous-32 to treat leukemia, and Saul Hertz and Arthur 

Roberts used iodine-131 to treat thyroid cancer.4 Tumor radioimaging followed thereafter. David 

Kuhl and Roy Edwards first demonstrated single photon emission computed tomography (SPECT) 

in 1963.5, 6 Godfrey Hounsfield invented computed tomography (CT) in 1971. Raymond 
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Damadian reported the first magnetic resonance image (MRI) of a tumor in 1971.7 Edward 

Hoffman and Michael Phelps invented positron emission tomography (PET) in 1974.8 By this 

point, most organs of the body could be visualized using some form of nuclear medicine. However, 

localizing therapeutic radionuclides to tumors remained a challenge. C. L. Edwards wrote in 1979, 

“We must now look for a new generation of tumor-localizing radiopharmaceuticals and improved 

detection instruments if we are to make significant progress towards our goal of detecting occult 

cancers while they are still curable.”9 

The last several decades have seen a rapid expansion of a new class of anticancer molecules 

termed ligand-targeted therapeutics.10 The premise of this class of molecules is that the therapeutic 

or imaging payload is conjugated to a targeting ligand that binds specifically and with high affinity 

to a biomarker overexpressed in cancer. Research to identify cell-surface receptors overexpressed 

in cancer, optimize the structure of their respective targeting ligands, develop suitable isotope and 

chelator pairings, enhance pharmacokinetic properties, and additional improvements have 

collectively given rise to a new generation of nuclear medicines deemed radioligands. Whereas 

older methods relied on external radiation beams, seed implants, or systematic administration 

followed by passive uptake, radioligands provide the capability to actively concentrate 

radionuclides in tumors but not healthy tissues. The efficacious yet safe nature of radioligands 

creates many possibilities to hopefully answer the call of C. L Edwards.  

Herein we review advances of ligand-targeted cancer therapeutics within the context of 

radioligands. We focus on overexpressed cell-surface receptors found in tumors in preclinical or 

clinical settings. We summarize radionuclides and common chelator pairings used in nuclear 

medicine for SPECT, PET, or radiotherapy. We discuss various spacer modifications to improve 

tumor uptake, retention, and specificity. Finally, we briefly review how radioligands can be used 

combination with other cancer therapies to improve overall treatment. 

1.3 Oncological Targets & Respective Ligands 

Somatostatin receptor 2 (SSTR2) is the oncological target of the first FDA-approved and 

EMA-approved radiopharmaceutical for peptide receptor radionuclide therapy (PRRT), 177Lu-

DOTATATE (Lutathera ®).11 SSTR2 is overexpressed in neuroendocrine tumors and can inhibit 

growth or stimulate apoptosis in tumors when activated by analogues.12-15 These analogs are cyclic 

peptides, with octreotide (OCT, D-Phe-c(Cys-Phe-D-Trp-Lys-Thr-Cys)-Thr-ol)) being one of the 



19 

most extensively researched due to selectivity for SSTR2 over other homologs such as SSTR3 and 

SSTR5.16, 17 Various radioligands that target SSTR2 are derivatized from OCT, such as 

DOTATATE, DOTATOC, and DOTANOC, are being used to radioimage tumors.18-22 

Radiotherapy studies are also being conducted with these ligands.23, 24 While SSTR2 expression 

may also be found in healthy organs such as the pancreas, cerebrum, and kidneys, it shows a 

significantly higher receptor density in malignant tissues.25, 26 The receptor count of SSTR2 may 

approach 900,000 per cancer cell.27 As a result, SSTR2 is a promising target for radiotheranostics, 

with many clinical trials currently underway.  

Prostate-Specific Membrane Antigen (PSMA) is a highly successful cancer target to date, 

with many favorable attributes facilitating its success. The PSMA receptor is highly expressed 

tumor antigen in prostate cancer, often in excess of one million receptors per cell.28 PSMA 

receptors internalize and recycle rapidly, allowing for high accumulation of radioligand conjugates 

within the tumor.29 Radioligands that target PSMA are derived from the DUPA molecule, a Glu-

ureido inhibitor.30 Although PSMA expression is also found in the salivary glands, the results of 

PSMA radioligands are nevertheless safe and impressive.31 The FDA recently approved 68Ga-

PSMA-11 for PET imaging in men with prostate cancer.32 It is also expected that the FDA will 

soon approve 177Lu-PSMA-617 as a radiotheranostic for patients with prostate cancer based on 

successful Phase III clinical trials.33, 34  

The αvβ integrins are another established cancer target. They comprise a family of proteins 

overexpressed on the vasculature of endothelial cells in solid tumors, tumor-associated fibroblasts 

(TAFs), and the cells of certain carcinomas.35-37 Radioligands targeting αvβ integrins, such as αvβ3, 

αvβ5, and αvβ6, use the RGD peptide sequence.38, 39 Multiple clinical trials testing RGD-targeted 

PET imaging have been completed, with more currently active or recruiting.40-44 The integrin 

family has also been investigated as a potential target for tumor radiotherapy.45, 46 

Folate receptors as a cancer target possess many favorable attributes. Folate receptor alpha 

(FRα) is overexpressed on approximately 40% of all human cancer cells.47-54 The per cell 

expression is extremely high, nearing up to 3 million receptors per cancer cell. While FRα also 

possesses favorable internalization and recycling kinetics, there are several limiting factors. 

Because the natural ligand for FRα is the vitamin folate, and significant levels of folate can be 

found in the body, folate competes for the finite binding sites with targeted radiotheranostics that 

use a derivatized folate molecule.55 Furthermore, folate conjugates show prohibitive renal uptake 
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and retention in the context of radiotherapy.56-59 Nevertheless, folate has shown to still be a 

valuable target for fluorescent or radioimaging, as well as chemotherapy.60, 61 Folate receptor beta 

(FRβ) is another viable oncological target because it is expressed on over 25% of tumor cells, over 

50% of tumor-associated macrophages (TAMs), and  myeloid leukemia cells.62-64 However, 

because the targeting ligand for the beta isoform is also the folate vitamin, the same challenges 

persist as those for FRα.  

Glucose Transporter 1 (GLUT1) is often highly upregulated in cancers compared to 

expression levels in normal tissue despite its near ubiquitous biodistribution.65-67 Indeed, the 

modified glucose molecule F-18 2-fluoro-2-deoxy-D-glucose (FDG) has been used to radioimage 

tumors since the late 1970s. While FDG uptake in tumors may not be strictly dependent on the 

GLUT1 receptor, FDG uptake is higher in tumors with higher expression of GLUT1.68-71 

Unfortunately GLUT1 may be limited to radioimaging as a receptor-mediated target. Despite its 

wide application, GLUT1 demonstrates low sensitivity in certain cancers and poor detection in 

organs with high glucose metabolism, such as the brain.72, 73  

Fibroblast Activation Protein alpha (FAPα, also known as seprase) has emerged in recent 

years as a promising oncological target.74 Expression of FAPα is found primarily on activated 

fibroblasts such as TAFs, and is negligible in healthy tissues.75-77 A study of hundreds of human 

biopsies found FAPα expression in 90% of epithelial cancers.78 This was further validated in vivo 

where a FAPα targeted PET tracer successfully imaged cancer in patients with 28 different types 

of tumors among them.79 Targeting ligands against FAPα are proline mimetics with an amino acid 

bridge that bears a small R group on the side chain.80-84 Despite the exciting rise of FAPα 

radioligands, several challenges remain. The receptor count of FAPα per fibroblast is likely only 

several hundred thousand, in contrast with previously mentioned receptors, which reduces the 

theoretical maximum dose deliverable.85 Furthermore, FAPα receptors recycle quite slowly, 

requiring several hours to internalize and up to several days to return to the cell surface.86 These 

dose-limiting attributes are further exacerbated by the distribution of FAPα expression within the 

tumor microenvironment, which is primarily contained to TAFs, and not typically expressed on 

cancer cells themselves, though certain exceptions do exist.87, 88 As a result, while several FAP 

radiotherapy studies have been performed with limited success,86, 89, 90 the majority of research in 

targeting FAPα for nuclear medicine has been focused on radioimaging.91-98  
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Glucagon-like peptide-1 receptor (GLP-1R) demonstrates high density in nonmalignant 

insulinomas.99 Among healthy tissues, GLP-1R expression is limited primarily to the pancreas. 

One ligand for GLP-1R is an endogenous agonist exendin-4, a 39-amino acid peptide.100, 101 

Exendin-4 has been derivatized for radioimaging of insulinomas, and is currently in clinical 

trials.102-104 Radiotherapeutic applications of Exendin-4 derivatives are also being investigated.105, 

106 Another class of peptide receptors overexpressed in many tumors is the bombesin receptors 

(BBs, primarily BB2; formerly known as Gastrin-Releasing Peptide Receptor, GRPR).107-113 These 

tumors include prostate, breast, lung, colon, and ovarian cancers.114 Bombesin is a 27 residue 

peptide, and various analogs have been studied as targeting ligands for BB receptors in cancer.115, 

116 To this point, BB2 is primarily being exploited as a radioimaging target.117-121 A third family of 

transmembrane proteins that interact with peptides are neurotensin receptors (NTSRs). NTSRs are 

expressed in various carcinomas, as well as several tissues during embryogenesis.122 The receptor 

density of NTSRs is also high, comparable to that of SSTRs, which suggests close to one million 

receptors per tumor cell.27, 123-125 Because binding of neurotensin peptides to NTSRs can stimulate 

tumor proliferation and motility, various diarylpyrazole-based, nonpeptidic antagonists have been 

developed, which were further adapted for nuclear medicinal purposes.126-128 After promising 

preclinical SPECT/CT images were obtained, the first NTSR-targeted radiotherapy clinical results 

were recently published.129 Cholecystokinin B receptor (CCKBR, also known as CCK2R or CCK2) 

is a fourth class of peptide receptors overexpressed in many cancers. CCKBR expression is also 

found in the brain and epithelial cells of the GI tract.130, 131 A number of peptide and small-molecule 

ligands interact with CCKBR, which have been exploited to deliver radiotheranostic drugs to 

tumors in numerous preclinical studies and several clinical studies.132-147 

Additional cell-surface biomarkers should be noted as potential oncological targets that merit 

further investigation. Carbonic anhydrase IX (CAIX) is a novel target because it is upregulated in 

most solid tumors with hypoxic regions and limited to low levels of expression in the 

gastrointestinal (GI) tract.148, 149 Inhibitors of CAIX are typically aromatic sulfonamides that 

coordinate to an active site zinc.150 Multiple labs have used CAIX inhibitors as radioligands to 

image tumors.151-153 Luteinizing hormone releasing hormone receptor (LHRH-R, also known as 

gonadotropin-releasing hormone receptor GnRHR) is primarily expressed in the pituitary gland in 

healthy tissue, but is also significantly upregulated in both hormone-dependent cancers as well as 

other cancers.154 Various ligands exist for LHRH-R, such as peptides, agonists, and antagonists, 
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of which many have been studied to target radionuclides to tumors for imaging in preclinical 

models, as well as traditional chemotherapy payloads.154-158  

1.4 Radioactive Payloads 

Isotope selection requires careful consideration of numerous factors. A list of the properties 

for commonly used radionuclides with bifunctional chelators is summarized in Table 1. 

Table 1.1. Common nuclides currently used in nuclear medicine, and their respective 
applications, fundamental properties, and common chelators. 

 
 

These data surmising the attributes of individual radionuclides were consolidated from 

various databases belonging to University of Missouri Environmental Health & Safety Isotope 

Data Sheets, Health Physics Society, and The Lund/LBNL Nuclear Data Search. The compatibility 

of isotopes with common chelators was drawn from several excellent reviews and other studies.159-

164  

Radionuclide Purpose t½  Emission(s)  Max keV Branching Common Chelators 
Tc-99m SPECT 6.01 h γ 141 89% CIM, TIM, Bocdienac 
In-111 SPECT 2.80 d γ 171, 245 90%, 94% DOTA, CHX-A”-DTPA 
Ga-67 SPECT 3.26 d γ 93, 184, 300 36%, 20%, 16% DOTA, NOTA 
F-18 PET 1.83 h β+ 634 97% NOTA, NETA (+ Al3+) 

Ga-68 PET 1.13 h β+ 1899 88% DOTA, NOTA 
Cu-64 PET 12.7 h β+ 653 18% NODAGA, NOTA 
Co-55 PET 17.5 h β+ 1020, 1498 77% DOTA 
Zr-89 PET 3.27 d β+ 902 23% DOTA, DFO 
Sc-44 PET 4.04 h β+ 3652 94.3% DOTA 
Mn-52 PET 5.59 d β+ 572 29% DOTA 
Y-86 PET 14.4 h β+ 1221, 1545 83%, 33% DOTA, CHX-A”-DTPA 

Lu-177 Therapy/ 
SPECT 

6.73 d β- 

γ 
176, 384, 497 

113, 210 
12%, 9%, 79%  

7%, 11% 
DOTA, NETA,  
CHX-A”-DTPA 

Bi-212 Therapy 60.6 
min 

α 
β- 

6089 
2254 

36% 
64% 

3p-CEPA, 3p-C-NETA 

Bi-213 Therapy 45.6 
min 

α 
β- 

8400 
986, 1427 

2% 
30%, 65% 

3p-CEPA, 3p-C-NETA 

Cu-67 Therapy 2.58 h β- 392, 483, 577 57%, 22%, 20% NODAGA, NOTA 
Sc-47 Therapy 3.35 d β- 440, 600 68%, 32% DOTA 

Ho-166 Therapy 1.12 d β- 1774, 1854 49%, 50% DOTA, CHX-A”-DTPA 
Pb-212 Therapy 10.6 h β- 335, 573 83%, 12% CB-DO2A 
Re-186 Therapy 3.78 d β- 939, 1077 22%, 71% CIM, TIM, Bocdienac 
Re-188 Therapy 17.0 h β- 1965, 2120 26%, 71% CIM, TIM, Bocdienac 
Y-90 Therapy 2.67 d β- 2280 100% DOTA, CHX-A”-DTPA 

Ac-225 Therapy 9.92 d α 5732, 5791, 
5792, 5830 

8%, 9%,  
18%, 51% 

DOTA, DO3A 

Th-227 Therapy 18.7 d α 5708, 5757, 
5978, 6038 

8%, 20%,  
24%, 24% 

DOTA, Me-3,2-HOPO 



23 

When designing a radioligand conjugate, many factors must be considered. It is essential to 

first consider which radionuclide is required for the purposes of a study, then select a bifunctional 

chelator that demonstrates high, long-term stability in vivo. Failure to do so will result in premature 

release of the isotope, uptake, and in some cases, long-term retention in healthy tissue. For 

radioimaging, PET is generally preferred over SPECT due to higher sensitivity, better spatial 

resolution and image quality, and the possibility of quantitative assessment of receptor 

occupancy.165 Isotopes with higher energy decay suffer from loss of resolution, thus isotopes with 

relatively low decay energies are preferred specifically for radioimaging.166 If the radioimaging 

study is being conducted for diagnostic purposes, then an isotope with a short half-life is ideal; if 

radioimaging study is being conduct to project how a novel targeting molecule might perform for 

radiotherapy, then an isotope with a longer half-life is required.167, 168 Availability and cost of 

radionuclides may limit options, particularly for preclinical research. Technetium-99m is an 

inexpensive medical isotope has been used as a radiotracer since the 1950. It is the most used 

medical isotope in the world, with tens of millions of diagnostic procedures each year. While 

fluorine-18 has been in use since the 1960s, gallium-68 has shown rapid growth as a 

radiodiagnostic in recent years due to the relatively low cost of 68Ge/68Ga generators.169-171  

Regarding radiotherapy, a different set of attributes are desired. Isotopes with high energies 

and longer half-lives are desirable to increase toxicity against cancer cells. However, the higher 

the energy, the deeper the tissue penetration, which poses a greater risk to healthy tissues within 

the surrounding vicinity of the tumor mass. Radiotherapeutic isotopes that undergo alpha decay 

possess several advantages over isotopes that undergo beta decay. Alpha particles will typically 

penetrate only 0.05–0.10 mm, whereas beta particles may travel 1–12 mm, hence limiting side 

effects to neighboring healthy tissue.172 Alpha particles are classified as high linear energy transfer 

(LET) (~80 keV/μm), compared to beta particles which are low LET (~0.2 keV/ μm).173 Beta 

particles require the presence of oxygen to form reactive oxygen species (ROS) to damage cancer 

cells, oxygen which may be lacking in hypoxic regions of a tumor, but alpha particles do not seem 

to require cellular oxygenation for their cytotoxicity.174, 175 Alpha radiotherapy also appears to be 

independent of factors such as tumor size or cell cycle status.173, 176 Alpha emitters even 

demonstrate significantly less dependency on the effective specific activity dose compared to beta 

emitters, which can be important in tumors where the receptor count is lower and limits the 

maximum dose deliverable by targeted radiotherapy.177 These factors culminate in alpha particles 
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causing significantly more double strand DNA breaks in cancer cells, which typically cannot be 

repaired.177 While the potency of alpha-targeted radiotherapy is exciting, it also necessitates strict 

specificity in targeting to not cause unacceptable damage to healthy organs. 

The daughter isotopes that result from radioactive decay should also be considered. An 

example of an isotope with an undesirable decay could be cobalt-55, which has a half-life of less 

than one day but then decays to iron-55, which emits X-rays with a half-life of 2.73 years. 

Conversely, lead-212 is a beta radiotherapeutic that decays to bismuth-212 and polonium-212, 

which emit alpha particles that also may serve as a desirable radiotherapy source.173 A careful 

examination of the decay of a radionuclide should always be conducted before selecting a 

radionuclide to ensure safety and other desired properties.  

1.5 Linker Design to Enhance Pharmacokinetics 

To optimize the overall structure of a theranostic radioligand conjugate, the linker design 

must also be carefully considered to achieve desired pharmacokinetic properties. In general, the 

targeting ligand must be derivatized from a functional group that is exposed to the aqueous medium 

to preserve integrity of the ligand-receptor binding complex, which can be readily identified if 

crystal structures are available.178 The exact structure of the receptor typically requires a minimum 

spacer length to maintain the high affinity of the targeting molecule.30 Furthermore, undesired 

intramolecular interactions between the targeting ligand and the radioactive payload may 

necessitate a rigid linker to prevent such associations.179, 180 These factors must always be weighed 

when designing a radioligand conjugate so as to not compromise the targeting ability of the ligand 

to the intended receptor. Selecting the appropriate linker with the right modifications can also 

improve desired pharmacokinetic and biodistribution results. 

Targeting ligands are often hydrophobic to maximum receptor affinity, but this 

hydrophobicity can lead to undesired properties such as passive membrane permeability or 

nonspecific association with scavenger receptors and lipoproteins. Therefore, a hydrophilic linker 

that can reduce these hydrophobic interactions is typically preferred. These linkers can be PEGs, 

hydrophilic amino acids, polysaccharides, or peptidoglycans.181-185 Increased hydrophilicity can 

also facilitate rapid kidney excretion.186  

Radioligand clearance through the liver, bile duct, and gut are generally not preferred due to 

slower excretion times, which would increase the potential off-target toxicity.187 Because the liver 
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highly expresses organic anion transporters, highly negatively charged linkers should be avoided. 

Peptide linkers can also lead to unwanted retention due to the presence of peptide scavenger 

receptors.188 Liver uptake can be further avoided by using PEG linkers to bias excretion to the 

kidneys.189-194 

While radioligand clearance through the kidney is preferred due to the faster kinetics of 

glomerulus extraction from the bloodstream to urinary excretion, residual kidney retention may 

still occur. It should first be noted that the renal absorbed dose is typically the guiding limitation 

for determining a maximum dose of radioactivity. The accepted threshold is 23 Gy, with an 

associated risk of 5% for the development of radiation nephropathy within 5 years (this risk rises 

to 50% after renal absorbed doses of 28 Gy).195-198 However, this standard was based on an external 

beam radiotherapy, which has a higher dose rate, penetration range, and homogeneous effect on 

the kidneys when compared to radionuclide therapy.199-201 Indeed, higher toxicity thresholds of 28 

Gy and 40 Gy have been proposed for ligand-targeted radionuclide therapy, depending on other 

potential risk factors.202 Traditional methods for mitigating kidney retention include the 

administration of concentrated amino acid solutions, plasma expanders, or diuretics.203-210 

Nevertheless, efforts to further enhance kidney clearance of the radioligand via judicious linker 

design are warranted. Because peptide scavengers are present in both the kidneys and liver, peptide 

linkers should be carefully designed.188 The Arano lab has published multiple short peptide 

sequences that are cleaved by brush border membrane (BBM) enzymes found specifically in the 

kidney. They have demonstrated that by using a BBM-cleavable peptide sequence that links a 

targeting antibody and the radioactive payload, kidney clearance can be accelerated without 

significantly reducing tumor uptake.211-216 This BBM-cleavable linker has also shown promise 

with a PSMA-targeted small molecule and a GLP-1R targeting peptide.217-219 If BBM-cleavable 

linkers are effective for improving the tumor-to-kidney ratio as radioconjugates when translated 

into the clinic, they could serve as a powerful tool to increase the maximum dose deliverable 

without simultaneously increasing nephropathy.  

Increasing the tumor accumulation and retention of the radioligand is paramount to 

improving efficacy of radiotherapy. In the past decade, research investigating different appendages 

to the linker that bind to serum albumin in the blood stream and increase the circulation time of 

the radioconjugate have shown great promise. Albumin-binders have improved both radioimaging 

and radiotherapy preclinical results in ligands targeting folate, PSMA, SSTR2, αvβ integrins, and 
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CAIX.45, 46, 220-225 The first PSMA-targeted, albumin-binder enhanced clinical results have 

reflected similar promise.226 Albumin-binding is a classical technique in medicinal chemistry, and 

other ligand-targeted conjugates that bear payloads such as fluorescent dyes or signaling pathway 

inhibitors already show the benefits of increased circulation time.227-232 However, when the 

payload is exchanged for a bifunctional chelator, it seems a separate albumin-binding moiety needs 

to be included in the linker if the ligand is to retain optimal in vivo behavior. Further modifications 

to the linker have been shown to reduce tumor efflux and increase tumor retention in several 

different ligands, though the exact structural design is likely repector-specific.233-236 Reducing the 

size of PEG linkers has also been found to significantly increase tumor accumulation.237-239  

The refinement of linker design will likely be a determining factor in the success or failure 

of radioconjugates with established oncological biomarkers and corresponding targeting ligands. 

1.6 Combination Therapies 

In cases where a radioconjugate may be insufficient to operate as a curative therapy alone, 

there can still be additive or even synergistic effects when combined with other therapeutic 

strategies. Briefly, we will discuss concurrent cancer treatments of radiotherapy with 

chemotherapy, immunotherapy, or surgery. 

Radiotherapy has been used in conjunction with chemotherapy for decades, and significant 

improvement in survival rates from concurrent therapy has been shown in certain trials compared 

to single treatments.240-243 Radiotherapy breaks the DNA strands inside tumor cells, and the tumor 

activates specific pathways to remedy the damage. Typically, the options for DNA repair pathways 

are more limited in tumor cells compared to healthy cells, providing an opportunity for drugs that 

target these key pathways to augment the therapeutic efficacy of radiotherapy while 

simultaneously minimizing negative effects on non-malignant cells.244-246 Perhaps the best studied 

DNA damage response (DDR) target is the enzyme Poly-ADP-Ribose Phosphorylase (PARP), and 

PARP inhibitors combined with radiotherapy are currently undergoing clinical trials.247-250 

Another emerging DDR target is the chaperone Heat shock protein 90 (HSP9), which are 

overexpressed in tumors and contribute to resistance against chemotherapy and radiotherapy.251 

Several HPS90 inhibitors have demonstrated synergistic effects on radiotherapy results in 

preclinical studies.252, 253 Other chemotherapeutics that modulate the behavior of tumor cells may 

also enhance radiotherapeutics. One recent study demonstrated that trifluoroperazine blocks the 
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conversion of glioma cells from a radiosensitive phenotype to a radioresistant phenotype via 

downregulation of the Yamanaka factors, ultimately extending survival beyond that of 

radiotherapy alone.254 Finally, it has been demonstrated that radiotherapy combined with a 

conventional chemotherapy regimen (cyclophosphamide, doxorubicin, prednisone, and vincristine) 

was effective.255 Other distinguishing features of tumor cells may offer additional pathways to be 

exploited by chemotherapy in combination with radiotherapy in the future. 

A growing field in treating cancer is combining radiotherapy with immunotherapy. When 

radiation damages or kills tumor cells, specific antigens are exposed or released that can facilitate 

immune cell recruitment and stimulate activation. This immunoresponse can then propagate and 

direct itself against metastatic sites, known as the abscopal effect. While the concept itself is over 

50 years old, thus far the abscopal effect has rarely been observed.256 However, the advent of 

checkpoint inhibitors and early clinical studies testing them in combination with radiotherapy seem 

to have renewed hope that the abscopal effect may become clinically relevant.257 The most well-

established immune checkpoint targets are anti-cytotoxic T lymphocyte-associated antigen-4 

(CTLA-4), programmed cell death protein-1 (PD-1), and programmed death ligand 1/2 (PD-

L1/L2).258 But preclinical and clinical trials are revealing a new generation of potential immune 

checkpoint targets such as B7 Homolog 3 (B7-H3, or CD276), lymphocyte activation gene-3 

(LAG-3), T cell immunoglobulin and mucin-domain containg-3 (TIM-3), T cell immunoglobulin 

and ITIM domain (TIGIT), and V-domain Ig suppressor of T cell activation (VISTA).259 Aside 

from immune checkpoints, immunomodulation with toll-like receptor (TLR) agonists and TGF-β 

antagonists may provide additional tools to induce antitumor immunity in combination with 

radiotherapy.260-262  

Radiotherapy has been combined with surgery for decades. Surgery is employed to remove 

the obvious tumor mass(es), while radiation eradicates the smaller sites that may go undetected 

during the procedure as well as metastatic sites.263 Radioimaging has also been combined with 

surgery to improve tumor resection, both preoperatively for better mapping of the tumor and 

intraoperatively with an augmented reality apparatus.264-266  

1.7 Conclusion 

As the field of radiotheranostics has expanded rapidly in the past several decades, many 

important discoveries have been made. However, they often remain isolated, and adaptation can 
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be slow due to a variety of logistical challenges.10 Perhaps the most relevant reason is that the field 

of radiotheranostics requires highly skilled interdisciplinary research teams, particularly expertise 

in organic chemistry, biochemistry, animal studies, and radiochemistry. The use of radioactivity is 

tightly regulated, expensive, and even intimidating from a personal researcher safety standpoint. 

Radionuclide availability may be limited depending on the country. Instruments and equipment 

can be prohibitively expensive. The translation of preclinical drugs to the clinic is always difficult, 

and the complexity of radiotheranostics compared to chemotherapy requires additional training for 

physicians, nurses, and pharmacists.  

While the field of radiotheranostics is challenging, the results are promising, and the potential 

exciting. We will also note that while this review focused primarily on the application of ligand-

targeted radiotheranostics in oncology, additional diseases would also be well-served by the same 

technologies due to overlap in receptor overexpression. For example, FRβ is overexpressed in 

inflammatory diseases such as rheumatoid arthritis, FAPα and αvβ integrins are overexpressed in 

fibrotic diseases, and GLP1R is overexpressed in diabetes.43, 76, 102, 267-270  

As understanding of new oncological targets, refined ligands, additional radionuclides, new 

chelators, and improved linker pharmacokinetics unfold, it will be essential to incorporate and 

consolidate these findings if the goal of optimizing the results of radiotheranostic conjugates is to 

be achieved. Although the field ligand-targeted radiotheranostics is still young, its importance in 

cancer diagnostics and treatment will likely only continue to grow, as researchers and clinicians 

rise together to meet the challenges head on. 
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 ALBUMIN-BINDING MOTIF ENHANCES 
THERANOSTIC TARGETING OF FIBROBLAST ACTIVATION 
PROTEIN RADIOLIGAND: PRECLINICAL EVALUATION IN 

MULTIPLE TUMORS 

2.1 Abstract 

Cancer-associated fibroblasts (CAFs) play a consistent role in the development of a wide 

variety of tumors by secreting growth factors, suppressing the immune system, and facilitating 

metastasis. Fibroblast activation protein alpha (FAPα) is an excellent oncological target due to its 

selective expression on activated fibroblasts such as CAFs, which are found in almost all tumor 

types but are nearly nonexistent in healthy tissues. While albumin-binding motifs have been used 

to improve the radioactive theranostics of ligands targeting other receptors, this technique has been 

only superficially investigated with FAPα ligands. We synthesized a novel FAPα-targeted ligand 

FAP5, then conjugated it to a DOTA chelator with or without the established albumin-binder 4-

(p-iodophenyl)butyric acid. The FAP5 conjugates exhibited high binding affinity to FAPα in the 

low nanomolar range. After in vitro validation of the synthesized products, we conducted in vivo 

studies using both murine tumor and human xenograft models to assess the radioimaging and 

radiotherapy performance. SPECT/CT scans and biodistribution results showed increased tumor 

uptake and retention. Administration of the conjugate radiolabeled with 177Lu indicated promising 

tumor therapy results. We conclude that the new FAP5 radioligand with an albumin-binder 

demonstrates unprecedented tumor uptake and retention.  

2.2 Introduction 

The fibroblast activation protein alpha (FAPα) is a robust biomarker in cancer. Human biopsies 

showed FAPα to be present in 90% of epithelial cancers, and radioimaging demonstrated FAPα is 

present in 28 different kinds of cancer.1, 2 FAPα expression in healthy tissue is negligible, rendering 

FAPα an ideal oncological target for theranostics.3, 4 Many FAPα-targeted drugs are in research or 

development for cancer, such as antibodies,5, 6  prodrugs,7-10 imaging agents,11-13 and therapeutic 

agents.14-17  

While several tumor types such as sarcoma, melanoma, glioblastoma, and osteosarcoma do 

express FAPα directly on the cancer cells,18-20 FAPα is primarily overexpressed on activated 
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fibroblasts such as cancer associated fibroblasts (CAFs).15 Therefore, any FAPα-targeted therapy 

will require a by-stander effect to optimally eliminate both cancer and stromal cells alike. 

Radiotherapy is an ideal payload for FAPα-targeted conjugates in cancer treatment due to the 

ability of the radiation to damage neighboring cancer cells from within CAFs. Radiotherapeutic 

results are optimized by maximizing tumor uptake and retention. Several labs have successfully 

made improvements to FAPα ligand uptake and retention in the tumor with linker modifications, 

but further improvements are necessary.21, 22 

Serum protein binding is a well-established technique to improve the pharmacokinetics of 

pharmaceuticals that otherwise may be cleared too rapidly to exert a proper therapeutic effect.23 

The low-molecular-weight albumin-binder 4-(p-iodophenyl)butyric acid was reported as a 

portable albumin-binder,24 and has since been applied to targeting ligands such as FAP,25 folate,26-

29 PSMA,30, 31 CAIX,32 antibody fragments,33 or for passive albumin uptake into diseased tissues.34, 

35  These conjugates form stable noncovalent interactions with serum albumin, greatly enhance 

tumor uptake and retention, and result in superior radioactive theranostics in both mice and humans. 

However, this technique did not seem to demonstrate improved tumor uptake compared to other 

linker modifications on the FAPI radioligand and has yet to be tested in radiotherapy.21, 25, 36  

Herein, we report a novel FAPα-targeted radioligand with an albumin-binding moiety to 

improve the pharmacokinetics and thus overall radiotheranostic performance. We also conjugated 

the new FAPα radioligand to 4-(p-iodophenyl)butyric acid. The goal of this study was to evaluate 

the tumor uptake and retention of the FAP5-IP-DOTA conjugate using both SPECT/CT and tissue 

distribution. The anticancer radiotherapeutic efficacy was also investigated for multiple tumors in 

mice using 177Lu as the therapeutic isotope. 

2.3 Materials and Methods 

2.3.1 Materials 

4-methyl isoindoline-4-carboxylate hydrochloride was purchased from PharmaBlock 

(Hatfield, PA). Boc-L-pyroglutamic acid benzyl ester was purchased from Accela ChemBio (San 

Diego, CA). 4-(p-iodophenyl)butyric acid was purchased from AstaTech, Inc (Bristol, PA). Fmoc-

Lys-OH HCl was purchased from Aapptec. NHS-ester-PEG6-NHFmoc and Propargyl-PEG6-

amine were purchased from BroadPharm. DOTA-NHS ester was purchased from Macrocyclics. 

Lysine was purchased from AAPPTec (Louisville, KY). 4,4-Difluoro-L-prolinamide 
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hydrochloride and HATU were purchased from Chem-Impex International (Chicago, IL). 4-

Ethynylbenzoic acid and mono-Fmoc ethylene diamine hydrochloride were purchased from AA 

Blocks LLC (San Diego, CA). Di-tert-butyl dicarbonate was purchased from Oakwood Chemical 

(Estill, SC). Palladium, 10% on carbon, was purchased from Alfa Aesar (Haverhill, MA). Sodium 

borohydride, N-bromosuccinimide, triphenylphosphine, sodium azide, lithium 

bis(trimethylsilyl)amide, tert-butyl-bromoacetate, 1,8-diazabicyclo[5.4.0]undec7-ene, pyridine, 

imidazole, phosphoryl chloride, diethyl either, DIPEA, TFA, THF, DMF, DCM, MeOH, DMSO, 

and all other reagents were purchased from Sigma-Aldrich (St. Louis, MO). All molecules were 

purified using either flash chromatography (CombiFlash RF, Teledyne) or RP-HPLC (Agilent 

1200 Instrument) with an XBridge OBD preparative column (19 x 150 mm, 5 μm) purchased from 

Waters (Milford, MA). LRMS-LC/MS was performed with an Agilent 1220 Infinity LC with a 

reverse-phase XBridge Shield RP18 colum (3.0 x 50 mm, 3.5 μm).  

FAP, DPP4, and PREP recombinant enzymes were purchased from R&D Systems 

(Minneapolis, MN). Enzyme buffer was purchased from BPS Bioscience (San Diego, CA). H-Gly-

Pro-AMC and Z-Gly-Pro-AMC were purchased from Bachem Americas, Inc (Torrance, CA). All 

cell lines were originally purchased from ATCC. Cell culture media such as Eagle’s Minimum 

Essential Medium (EMEM), Dulbeco’s Modified Eagle’s Medium (DMEM, and Roswell Park 

Memorial Institute medium 1640 (RPMI-1640) were purchased from GIBCO. All other cell 

culture reagents such as fetal bovine serum (FBS), 1% penicillin-streptomycin, and 2 mM 

glutamine were purchased from Life Technologies. Amine-coated 24-well cultureware plates were 

purchased from BD Biosciences (San Jose, CA). Accutase was purchased from BioLegend (San 

Diego, CA). Human FAPα APC-conjugated and murine FAPα monoclonal rat IgG antibodies were 

purchased from R&D Systems (Minneapolis, MN). Common cell culture materials such as culture 

flasks and syringes were purchased from VWR (Chicago, IL). Fluorescence based assays were 

measured with a BioTek Synergy Neo2 plate reader. FACS analysis was performed with an Attune 

NxT Acoustic Focusing Flow Cytometer 

Indium-111 was purchased from Cardinal Health (Indianapolis, IN). Lutetium-177 was 

purchased from RadioMedix (Houston, TX and Garching, Germany). Chelations were done using 

a Fisherbrand Isotemp Digital Dry Bath/Block Heater (Waltham, MA). Radio-HPLC analysis was 

performed with an Agilent 1260 Infinity II with a Flow-RAM detector purchased from LabLogic 

(Brandon, FL) and a reverse-phase XBridge Shield RP18 column (3.0 x 50 mm, 3.5 μm). 
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SPECT/CT scans were acquired with a VECTor/CT system with a clustered multi-pinhole high-

energy collimator (MILabs, Utrecht, The Netherlands). Radioactive binding and biodistribution 

studies were done with a Packard Cobra Gamma Counter (Niederösterreich, Austria). 

2.3.2 Synthesis of FAP5 intermediates 

Synthesis of Fragment 1. 4-methyl isoindoline-4-carboxylate hydrochloride was dissolved in 

DCM. To the solution were added Boc2O (4 eq) and TEA (4 eq). The reaction was stirred overnight 

under inert conditions, then purified by flash chromatography [A=Hex, B=EtOAc, solvent gradient 

0% B to 50% B in 25 minutes, retention time = 16 minutes] to yield the product as a yellow oil.  

The Boc-protected isoindoline was dissolved in a THF:MeOH (50:50, v/v) solution. 

Portionwise, NaBH4 (10 equivalents) was added, then the reaction was refluxed for 5 hours. The 

crude product was extracted, then purified by flash chromatography [A=Hex, B=EtOAc, solvent 

gradient 0% B to 50% B in 25 minutes, retention time = 20 minutes] to yield the product as a pale-

yellow oil.  

The hydroxyl-bearing isoindoline was dissolved in DMF, then PPh3 (1.5 eq) and NBS (1.5 

eq) were added. The solution was stirred for 6 hours at RT. The crude product was extracted, then 

purified by flash chromatography [A=Hex, B=EtOAc, solvent gradient 0% B to 50% B in 25 

minutes, retention time = 12 minutes] to yield the product as a yellow oil.  

The brominated-isoindoline was dissolved in DMF, then NaN3 (5 eq) was added. The 

reaction was heated to 65°C and reacted overnight. The crude product was extracted and purified 

by flash chromatography [A=Hex, B=EtOAc, solvent gradient 0% B to 40% B in 25 minutes, 

retention time = 15 minutes] to yield the product as a pale-yellow solid. LC/MS (m/z): [M+H]+ 

calculated for C14H18N4O2, 274.3; observed mass 219 (m- 56 for tBu fragmentation from Boc 

group). 

Synthesis of Fragment 2. Benzyl-(2S)-N-tert-butoxylcarbonylpyroglutamate was dissolved in 

THF and then chilled to -78°C and placed under inert gas. Dropwise, 1.0 M LIHMDS in THF (2.2 

eq) was added then stirred for 1 hour. After 1 hour, tert-butyl-bromoacetate (2 eq) was added 

dropwise then stirred for several hours. The crude product was extracted and then purified by flash 

chromatography [A=Hex, B=EtOAc, solvent gradient 0% B to 100% B in 30 minutes, retention 

time = 15 minutes] to yield the product as a yellow oil.  
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The product was completely converted to the trans isomer by dissolving it in DCM and 

cooling it to 0°C before adding DBU (3 eq) and stirring it for 24 hours. The trans product was 

washed then purified by flash chromatography [A=Hex, B=EtOAc, solvent gradient 0% B to 100% 

B in 30 minutes, retention time = 15 minutes] to yield the product as a yellow oil.  

The trans product was then dissolved in MeOH, placed under inert gas, then 1:10 (w/w) of 

10% Pd/C:trans product was added. The vessel was then purged with H2 gas and stirred overnight. 

The debenzylated product was purified by flash chromatography [A=Hex, B=EtOAc, solvent 

gradient 0% B to 100% B in 30 minutes, retention time = 15 minutes] to yield the product as a 

pale-yellow solid.  

The debenzylated product was dissolved in DMF with DIPEA (3 eq) and HATU (1.2 eq) 

and stirred for 10 minutes. Difluoroprolinamide in DMF and DIPEA (1.5 eq) was then added, and 

the mixture was stirred for 3 hours. The crude amide product was extracted, then purified on flash 

chromatography [A=Hex, B=EtOAc, solvent gradient 0% B to 100% B in 15 minutes, C=DCM, 

D=MeOH, solvent gradient 0% B to 20% B in 20 minutes, retention time = 30 minutes] to yield 

the product as a pale-yellow solid.  

The amide product was dissolved in pyridine (2 eq) and imidazole (1.125 eq), then cooled 

to -20°C and placed under inert conditions. Phosphoryl chloride (2.6 eq) was added, and the 

reaction was stirred for 30 minutes. The reaction was dried under vacuum, resulting in a brown 

solid. The nitrile product was extracted, resulting in a viscous oil, which was then purified by flash 

chromatography [A=Hex, B=EtOAc, solvent gradient 0% B to 100% B in 25 minutes, retention 

time = 15 minutes] to yield the product as a white solid.  

The nitrile product was dissolved in ACN, and chilled to 0°C. Dropwise, TFA was added 

dropwise to achieve a v/v ratio of 1:1. The reaction was then allowed to warm to room temperature 

and stirred for 1 hour. The crude product, Fragment 2, was isolated under vacuum then precipitated 

with ice cold ether, after which it was filtered and dried overnight. LC/MS (m/z): [M+H]+ 

calculated for C12H13F2N3O4, 301.3; observed mass 302. 

2.3.3 Synthesis of FAP5-DOTA conjugates 

Synthesis of FAP5-DOTA. 4-Ethynylbenzoic acid was dissolved in anhydrous DMF with HATU 

(1 eq) and anhydrous DIPEA (3 eq) for 10 minutes. Mono-Fmoc ethylene diamine was dissolved 

in anhydrous DMF and DIPEA (1.5 eq), then added to the reaction mixture. The resulting solution 
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was stirred under inert atmosphere for 2h. The product was precipitated out with ice cold water, 

then filtered and dried under vacuum. The propargyl-benzene-NHFmoc product was dissolved in 

anhydrous DMF, then CuI (0.5 eq) and DIPEA (2.0 eq) were added. The reaction mixture was 

heated to to 55°C and stirred for 5 hours. The crude product was extracted with EtOAc, washed 

with ice cold brine, then purified by flash chromatography [A=Hex, B=EtOAc, solvent gradient 

0% B to 100% B in 20 minutes] to yield the product Frag1-Bz-NHFmoc. LC/MS (m/z): [M+H]+ 

calculated for C40H40N6O5, 684.8; observed mass 685. 

 The Frag1-Bz-NHFmoc was dissolved in DCM and diethylamine (20 eq) then stirred for 1 

hour. LC/MS (m/z): [M+H]+ calculated for C25H30N6O3, 462.6; observed mass 463. Upon 

completion of the deprotection, the product was isolated via rotary evaporation, washed several 

times with ice cold diethyl ether, then put on a high vacuum for several hours, after which it was 

used without further purification. NHS ester-PEG6-NHFmoc (1.1 eq) and DIPEA (3 eq) were 

added and stirred for several hours. The crude product was washed, then purified by flash 

chromatography [A=DCM, B=MeOH, solvent gradient 0% B to 30% B in 25 minutes] to yield the 

product Frag1-Bz-PEG6-NHFmoc. LC/MS (m/z): [M+H]+ calculated for C55H69N6O12, 1020.2; 

observed mass 1021. 

 Frag1-Bz-PEG6-NHFmoc was dissolved in ACN and cooled to 0°C. An equal volume of 

TFA was added and the reaction mixture was stirred at room temperature for 1h. Progress of the 

reaction was monitored via LC/MS. LC/MS (m/z): [M+H]+ calculated for C50H61N7O10, 920.1; 

observed mass 921. Upon completion of the deprotection, TFA was removed by rotary evaporation 

and the deprotected product was used without further purification. Fragment 2 was dissolved in 

anhydrous DMF and DIPEA (3 eq) for 10 minutes. The previously deprotected product was 

dissolved in anhydrous DMF and excess DIPEA, then added to the reaction mixture and stirred 

under inert atmosphere for 2h. The crude product was extracted with EtOAc, washed with ice cold 

brine, then purified by flash chromatography [A=DCM, B=MeOH, solvent gradient 0% B to 30% 

B in 25 minutes] to yield the product FAP5-NHFmoc. [M+H]+ calculated for C62H72F2N10O13, 

1203.3; observed mass 1204. 

 FAP5-NHFmoc was dissolved in DCM and diethylamine (20 eq) then stirred for 1 hour. 

LC/MS (m/z): [M+H]+ calculated for C47H62F2N10O11, 981.1; observed mass 982. Upon 

completion of the deprotection, the product was isolated via rotary evaporation, washed several 

times with ice cold diethyl ether, then put on a high vacuum for several hours, after which it was 
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used without further purification. The deprotected product was dissolved in anhydrous DMF and 

DIPEA (3 eq) with DOTA-NHS ester (1.2 eq) and stirred under inert atmosphere for 12h. The 

crude product was purified via RP-HPLC [A = 20 mM ammonium acetate buffer (pH 5.0) and B 

= CH3CN, solvent gradient 5% B to 55% B in 45 minutes] to yield the product FAP5-DOTA. 

[M+H]+ calculated for C63H88F2N14O18, 1203.3; observed mass 1204. 

Synthesis of FAP5-IP-DOTA. 4-(p-iodophenyl)butyric acid was dissolved in anhydrous DMF 

with HATU (1 eq) and anhydrous DIPEA (3 eq) for 10 minutes. Fmoc-Lys-OH HCl (1 eq) was 

dissolved in anhydrous DMF and DIPEA (1.5 eq), then added to the reaction mixture. The resulting 

solution was stirred under inert atmosphere for 2h. The product was extracted with EtOAc, washed 

with ice cold brine, then purified by flash chromatography [A=DCM, B=MeOH, solvent gradient 

0% B to 20% B in 25 minutes] to yield NHFmoc-Lys(IP)-OH. LC/MS (m/z): [M+H]+ calculated 

for C31H33IN2O5, 640.5; observed mass 641. 

NHFmoc-Lys(IP)-OH was dissolved in anhydrous DMF with HATU (1 eq) and anhydrous 

DIPEA (3 eq) for 10 minutes. Propargyl-PEG6-amine was dissolved in anhydrous DMF and 

DIEPA (1.5 eq), then added to the reaction mixture. The resulting solution was stirred under inert 

atmosphere for 2h. The product was extracted with EtOAc, washed with ice cold brine, then 

purified by flash chromatography [A=DCM, B=MeOH, solvent gradient 0% B to 20% B in 25 

minutes] to yield NHFmoc-Lys(IP)-Pro. LC/MS (m/z): [M+H]+ calculated for C46H60IN3O10, 

941.9; observed mass 943. Progress of the reaction was monitored by LC/MS.  

Fragment 1 (1.2 eq) was dissolved in anhydrous DMF with NHFmoc-Lys(IP)-OH, then 

CuI (0.5 eq) and DIPEA (2.0 eq) were added. The reaction mixture was heated to 55°C and stirred 

for 5 hours. The product was extracted with EtOAc, washed with ice cold brine, then purified by 

flash chromatography [A=DCM, B=MeOH, solvent gradient 0% B to 20% B in 25 minutes] to 

yield NHFmoc-Lys(IP)-Frag1. LC/MS (m/z): [M+H]+ calculated for C60H78IN7O12, 1216.2; 

observed mass 1217. 

NHFmoc-Lys(IP)-Frag1 was dissolved in ACN and cooled to 0°C. An equal volume of 

TFA was added and the reaction mixture was stirred at room temperature for 1h. Progress of the 

reaction was monitored via LC/MS. LC/MS (m/z): [M+H]+ calculated for C55H70IN7O10, 1116.11; 

observed mass 1117. Upon completion of the deprotection, TFA was removed by rotary 

evaporation and the deprotected product was used without further purification. Fragment 2 was 

dissolved in anhydrous DMF and DIPEA (3 eq) for 10 minutes. The previously deprotected 
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product was dissolved in anhydrous DMF and excess DIPEA, then added to the reaction mixture 

and stirred under inert atmosphere for 2h. The crude product was extracted with EtOAc, washed 

with ice cold brine, then purified by flash chromatography [A=DCM, B=MeOH, solvent gradient 

0% B to 30% B in 25 minutes] to yield FAP5-LysIP-NHFmoc. LC/MS (m/z): [M+H]+ calculated 

for C67H81IN10O13, 1399.3; observed mass 1400. 

FAP5-LysIP-NHFmoc was dissolved in DCM and diethylamine (20 eq) then stirred for 1h. 

Progress of the reaction was monitored via LC/MS. LC/MS (m/z): [M+H]+ calculated for 

C52H71F2IN10O10, 1177.11; observed mass 1178. Upon completion of the deprotection, the product 

was isolated via rotary evaporation, washed several times with ice cold diethyl ether, then put on 

a high vacuum for several hours, after which it was used without further purification. The 

deprotected product was dissolved in anhydrous DMF and DIPEA (3 eq) with DOTA-NHS ester 

(1.2 eq) and stirred under inert atmosphere for 12h. The product was purified via RP-HPLC [A = 

20 mM ammonium acetate buffer (pH 5.0) and B = CH3CN, solvent gradient 5% B to 55% B in 

45 minutes] to yield FAP5-IP-DOTA. LC/MS (m/z): [M+H]+ calculated for C68H97F2IN14O18, 

1563.6; observed mass 1564. 

2.3.4 Enzyme Inhibition Assays 

Enzyme inhibition assays were conducted similarly to previous reports.37, 38 Briefly, FAP5 

ligand (ranging between 10-4 and 10-11 M) was incubated with enzyme, 1 μM substrate, and buffer 

in a total volume of 100 μL for 30 minutes at 37°C. Final enzyme concentrations were 50 ng, 25 

ng, and 10 ng for FAP, PREP, and DPP4 respectively. The FAP5 ligand was preincubated with 

the enzyme for 10 minutes at room temperature before addition of substrate. Fluorescence was 

measured with a BioTek Synergy Neo2 plate reader in the Chemical Genomics Facility. The 

excitation wavelength was 365 nm and the emission wavelength was 450 nm. Conditions were 

tested in triplicate. FAP5 ligand stock solution (10 mM) was prepared in 5% DMSO and PBS.  

2.3.5 Cell Culture 

HEK and Hs894 cells were cultured in DMEM media. HT1080 and U87MG were cultured 

in EMEM media. 4T1 and KB cells were cultured in RPMI-1640 media. 10% FBS and 1% 

penicillin-streptomycin were added to all media. 1% 2 mM glutamine was also added to RPMI-
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1640 media. All cells were cultured at 37°C in a 5% CO2 and 95% humidified atmosphere. All 

cells used in this study were thawed from frozen vials saved in a master stock.  

2.3.6 Transfection and Cell Sorting 

Six million HEK293T cells were cultured in 100 mm petri dishes with media consisting of 

DMEM and 10% FBS. The transfection solution was prepared by first mixing 30 μg of 

Lipofectamine per milliliter of Opti-MEM media. A second solution was prepared by mixing 4 μg 

FAP expression vector with 10 μg packing plasmid per milliliter of Opti-MEM media, then added 

to the Lipofectamine solution in drop-wise fashion. The culture media was aspirated from the petri 

dish, then two milliliters of the resulting solution were added dropwise onto the cells. DMEM 

media was added, and the cells were returned to the incubator. After 24 hours, the media was 

removed and chilled on ice. The media was centrifuged at 500 rcf, then filtered with a 0.45 μm 

membrane to remove cellular debris. 1 mL of Lenti-X Concentrator was added for every 3 mL of 

media, and the solution was incubated overnight at 4°C. The virus was concentrated by 

centrifuging the solution at 1500 rcf and 4°C. The supernatant was discarded, and the virus was 

redissolved in cold PBS.  

The virus was diluted with media consisting of DMEM or EMEM, 10% FBS, and 1% 

penicillin-streptomycin. The solution was added to a small flask containing 250,000 HEK or 

HT1080 cells. After incubating overnight, the virus-containing media was replaced with complete 

EMEM and 1 μg of Puromycin per milliliter of media to select for transducted cells. HEK-FAP or 

HT1080-FAP cells were cultured and passaged under the same conditions for several weeks. Ten 

million Transfected cells were then harvested with Accutase, concentrated in staining buffer, and 

stained with human FAPα APC-conjugated antibody for 20 minutes at 4°C. After washing 3x with 

staining buffer, dead cells were marked with 7-AAD. The cells were sorted with a BD LSRFortessa 

Flow Cytometer in the Bindley Bioscience Center to isolate HT1080 cells expressing high 

quantities of FAP receptor. The high FAP expressing cells were cultured and stored for subsequent 

confocal and binding studies.  
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2.3.7 Chelation and Radiolabeling 

FAP5-IP-DOTA was mixed with ammonium acetate (0.5 M, pH 8.0) to reach a final DOTA 

concentration of 0.5 mM. Cold chelations were performed by adding natural indium or lutetium in 

a dilute HCl solution in excess, heated to 90°C for 10 minutes, then analyzed using LC/MS. 111In 

(111InCl3) was added to obtain a specific activity of up to 3 MBq/nmol. 177Lu (177LuCl3) was added 

to obtain a specific activity of up to 4 MBq/nmol. Sodium-diethylenetriamine pentaacetate solution 

(5 mM, pH 7.0) was added to complex any unreacted traces of radioactive isotope. Radiochemical 

purities were analyzed using radio-HPLC. The mobile phase consisted of a 20 mM ammonium 

acetate aqueous buffer (pH 7) (A) and acetonitrile (B) with a linear gradient from 5% B to 95% B 

over 15 minutes. Radiochemical purities were over 95% for all studies. 

2.3.8 Computational Docking 

The crystal structure for FAP (PDB id: 1Z68) was prepared with Protein Preparation 

Wizard in Glide of the Schrödinger Maestro Suite (11.2.014, MMshare 3.8.014) by preprocessing 

the structures to fill in any missing loops or side chains, assigning bond orders, generating possible 

Epik states at a target pH of 7.0 ± 2.0 and removing crystallization artifacts. The structures were 

then refined by optimizing hydrogen bond (HB) assignments and minimizing the energy of the 

protein structure with the OPLS3 force field. The docking zones to specify the locales of FAP 

ligands were designed as a 25 Å3 cube encompassing the binding pocket of FAP and calculated 

by Receptor Grid Generation in Glide. The catalytic serine S624 was selected for covalent docking. 

Other key residues in the binding pocket such as R123, E203, E204, Y656, and H734 were used 

as additional reference residues. 

2.3.9 Cell Binding Studies 

Binding curves: 100,000 Hs894 CAFs or 200,000 HT1080-hFAP cells were seeded in 24 

well plates. 250,000 HEK-hFAP cells were seed in 24 well amine-coated plates. Once the cells 

reached confluency, they were incubated with FAP5-DOTA conjugates labeled with indium-111 

in the absence or presence of excess FAP5 ligand. After incubation for 1h at room temperature, 

the cells were washed 3x with PBS to remove unbound radioactivity and dissolved in 1.0 M NaOH. 

The samples were transferred to tubes and cell-bound radioactivity was measured using a gamma 
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counter. A specific binding constant was calculated using one-site specific binding nonlinear 

regression after subtracting competition counts from total binding counts. Alternatively, a total 

binding constant was calculated using one-site total binding nonlinear regression. All samples were 

performed in triplicate. 

Displacement assay: 250,000 HEK-hFAP cells were seeded in amine-coated 24 well plates. 

Once the cells reached confluency, they were incubated with FAP5-Rhodamine at a concentration 

of 10 nM in the presence of increasing concentrations of FAP5-IP-DOTA. After incubation for 1h 

at 4°C, the cells were washed 3x with PBS to remove unbound fluorescence and dissolved in 1% 

SDS. The samples were transferred to a 96 well clear bottom, black wall plate. Cell-bound 

fluorescence was measured with a BioTek Synergy Neo2 plate reader in the Chemical Genomics 

Facility at the Purdue Institute for Drug Discovery. Wavelengths were set to λex = 552 nm and λem 

= 575 nm. Cell-bound fluorescence was plotted against the logarithm of the concentrations of 

FAP5-IP-DOTA in nM. A Kd of 2.67 nM for FAP5-Rhodamine was used to calculate the Ki of 

FAP5-IP-DOTA using one-site binding nonlinear fit. All samples were performed in triplicate.  

2.3.10 Animal Husbandry 

6-week-old (16-19 g) female mice Balb/cJ were purchased from Charles River. 12-week-

old female athymic nu/nu mice (23-27 g) were purchased from Envigo. All mice were given access 

to normal rodent chow and water ad libitum. The mice were maintained on a standard 12h light-

dark cycle. All animal procedures were approved by the Purdue Animal Care and Use Committee. 

2.3.11 Tumor Models 

Mouse tumor: Balb/cJ mice were inoculated on their shoulder with 1x105 cells of 4T1 

cells in sterile PBS.  

Human xenograft: Nu/nu mice were inoculated on their shoulder with 5 x 106 cells of 

HT29, KB, or U87MG cells in sterile PBS.  

2.3.12 SPECT/CT scans 

4T1 tumors were allowed to grow to approximately 1 cm3 before initiating SPECT/CT 

scans. Each tumor-bearing mouse was intravenously injected with up to 6 nmol of FAP5-IP-
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DOTA radiolabeled with 13 MBq of indium-111 via the tail vein. Animals were anesthetized 

with isoflurane and scanned at 4, 24, 48, 72, 96, and 120 h after injection. The emission scan was 

conducted for 20-60 min using the MILabs VECTor/CT system in the Purdue Imaging Facility 

of Bindley Bioscience Center at Purdue Univerity. The CT scans were acquired with an X-ray 

source set at 60 kV and 615 μA. The SPECT images were reconstructed with U-SPECT II 

software and 111In γ-energy windows of 171 and 241 keV or 177Lu γ-energy window of 208 

keV. A POS-EM algorithm was used with 16 subsets and 4 iterations on a 0.8 mm voxel grid. 

The CT images were reconstructed using NRecon software. The datasets were fused and filtered 

using PMOD software (version 3.2). 

2.3.13 Radioactive Biodistribution 

4T1 tumors were allowed to grow to approximately 100 mm3 before initiating 

biodistribution studies. Each tumor-bearing mouse was intravenously injected with 5 nmol of 

FAP5-IP-DOTA radiolabeled with 3.7 MBq of lutetium-177 via the tail vein. Animals (n = 4-5) 

were euthanized by CO2 asphyxiation at 1, 4, 24, 72, 120, and 168 h post injection. Organs of 

interest were harvested, washed with PBS, weighed, and analyzed on a gamma counter to 

quantitate radioactive uptake. Results were normalized as percentages of the injected dose per 

gram of tissue (%ID /g). 

2.3.14 Radiotherapy 

4T1 tumors were grown to approximately 72 mm3 (n = 5 per group). HT29 tumors were 

grown to approximately 169 mm3 (n = 4 per group). KB tumors were grown to approximately 52 

mm3 (n = 5 per group). U87MG tumors were grown to approximately 173 mm3 (n = 5 per group). 

All mice were randomly divided into control or treatment groups prior to the initiation of the 

therapy studies. Mice received a single intravenous dose of sterile saline or 5 nmol of FAP5-IP-

DOTA radiolabeled with 9 or 18 MBq of lutetium-177 via the tail vein on day 0. Tumors were 

measured in two perpendicular directions every other day during therapy, and their volumes were 

calculated as 0.5 x L x W2, where L is the longest axis (in millimeters), and W is the axis 

perpendicular to L (in millimeters). Humane endpoint criteria were defined as weight loss of more 
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than 20% of the initial body weight, a tumor volume of more than 1,800 mm3, or open ulceration. 

Mice were euthanized on reaching one of the predefined endpoint criteria.  

2.3.15 Toxicology 

Mice were weighed every other day during the therapy studies as a gross measurement of 

toxicology. Mice were randomly selected from control and treated groups for further toxicology 

evaluation. Organs of interest were harvested immediately post euthanasia, washed, then fixed in 

a 10% formalin solution for 48-72 hours. Organs were then maintained in a 70% ethanol solution 

until radioactivity had fully decayed, after which they were submitted to the Histology Laboratory 

at Purdue University to be embedded in paraffin, sectioned, and stained with H&E. Tissue sections 

(n = 4–8 per organ per mouse) were examined in a blinded manner for lesions by a licensed 

pathologist at the Purdue University Department of Comparative Pathobiology. 

2.3.16 Statistical Analysis 

Data were analyzed using on GraphPad Prism 8 unless otherwise stated. Results are shown 

as mean ± SE. 

2.4 Results 

2.4.1 Synthesis of FAP-Targeted Drug Conjugates 

After reviewing various fibroblast activation protein inhibitors as reported in the literature, 

and some previous internal comparisons in our lab, the diamide 4,4-difluoro-2-carbonitrile-

pyrroldine ring with a 4-carboxymethylpyrogluatmic acid isoindoline was selected due to its high 

potency against FAP (~20 nM) and selectivity against homologous enzymes such as DPP-IV and 

PREP (> 10,000 fold).38, 39 Scheme 2.1 and Scheme 2.2 depicts the synthesis of the two key 

fragments of this inhibitor, with an azide derivatization on the 4 position of the solvent-exposed 

isoindoline moiety. The azide facilitates a facile coupling to a functional linker via click chemistry, 

after which the two fragments could be conjugated together by amide coupling to form the FAP5 

ligand. Further functionalization with DOTA alone or with DOTA and an albumin-binder are 

depicted in Scheme 2.3 and Scheme 2.4. respectively. 
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Scheme 2.1. Synthesis of FAP5 Final Intermediate 1. Reagents and conditions for Fragment 1: 

(a) Boc2O, TEA, DCM, rt, overnight; (b) NaBH4, MEOH, THF, 55°C, 5h; (c) NBS, PPh3, DMF, 
rt, 6h; (d) NaN3, DMF, 65°C, overnight.  

 
Scheme 2.2. Synthesis of FAP5 Final Intermediate 2. Reagents and conditions for Fragment 2: 

(a) i. LIHMDS, THF, -78°C, 1h; ii. tert-butyl-bromoacetate, 2h; (b) DBU, DCM, 0°C-rt, 24h; (c) 
H2/Pd-C, MeOH, rt, overnight; (d) 4,4-difluoro-L-prolinamide, HATU, DIPEA, DMF, rt, 3h; (e) 

imidazole, POCl3, pyridine, -20°C, 1h; (f) TFA, ACN, 0°C-rt, 1h.  
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Scheme 2.3. Synthesis of FAP5-DOTA. Reagents and conditions: (a) Mono-Fmoc ethylene 
diamine, HATU, DIPEA, DMF, rt, 3h; (b) Fragment 1, CuI, DIPEA, DMF, 55°C, 5h; (c) i. 

Et2NH, DCM, rt, 1h; ii. NHS ester-PEG6-NHFmoc, DCM, rt, 3h; (d) i. TFA, ACN, 0°C-rt, 1h; ii. 
Fragment 2, HATU, DIPEA, DMF, rt, 3h; (e) i. Et2NH, DCM, rt, 1h; ii. NHS ester DOTA, DMF, 

rt, 12h.  
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Scheme 2.4. Synthesis of FAP5-IP-DOTA. Reagents and conditions: (a) Fmoc-Lys-OH, HATU, 

DIPEA, DMF, rt, 3h; (b) Propargyl-PEG6-NH2, HATU, DIPEA, DMF, rt, 3h; (c) Fragment 1, 
CuI, DIPEA, DMF, 55°C, 5h; (d) i. TFA, ACN, 0°C-rt, 1h; ii. Fragment 2, HATU, DIPEA, 

DMF, rt, 3h; (e) i. Et2NH, DCM, rt, 1h; ii. NHS-ester DOTA, DMF, rt, 12h. 
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All final products were characterized by LC/MS, and representative spectra are given in 

Supplemental Figure S2.1. The chelation of FAP5-DOTA and FAP5-IP-DOTA were validated by 

incubating aliquots of each conjugate dissolved in buffer with either natural indium or natural 

lutetium in a dilute HCl solution, then analyzing the samples on LC/MS, as shown in Supplemental 

Figure S2.2. Once confirmed, each conjugate was radiolabeled with indium-111 or lutetium-177, 

and >95% radiopurity was confirmed on radio-HPLC as shown in Supplemental Figures S2.3 and 

2.4 before conducting radioactive studies. 

2.4.2 In vitro assays of FAP5-DOTA Conjugates 

Various cell lines were first investigated for FAP expression by FACS analysis. As shown 

in Figure 2.1, the commercially available fibroblast cell lines Hs894 and WI38 express low levels 

of endogenous FAP, as well as the glioblastoma cell line U87MG. Although various tumor models 

have been proven to be FAP+ in vivo, such as 4T1,40, 41 HT29,36 and KB,17 these cell lines did not 

demonstrate positive FAP expression in vitro.  

The synthesized FAP5 ligand demonstrated strong FAP inhibition in our enzyme assay (IC50 

= 2.1 nM), as well as high selectivity for FAP over other homologous enzymes such as DPPIV and 

PREP (~1000 fold). When radiolabeled with indium-111, both FAP5-DOTA and FAP5-IP-DOTA 

demonstrated high binding affinities to the CAF cell line Hs894 (Kd = 1.2 nM and Kd = 0.92 nM 

respectively). Incubation of these conjugates with a hundred-fold excess of competition FAP5 

ligand to competitively block all available FAP receptors abolished all targeting, further validating 

that the targeting of our FAP5-DOTA conjugates is receptor-mediated. Additional cellular assays 

found in Supplemental Figure S2.5 such as displacement assays using a FAP5-Rhodamine 

conjugate as a reporter, and binding studies with two different cell lines transfected with human 

FAP further substantiate FAP5 as a novel targeting ligand. 
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Figure 2.1. In vitro assays of FAP5-DOTA conjugates. FAP expression was first checked on all 

cell lines used for this study. Antibody-stained samples are represented by the bright red 
histograms. Non-staining controls are represented by the dark red histograms. The FAP5 base 

ligand was then tested with recombinant enzymes for potency and specificity. FAP5-DOTA and 
FAP5-IP-DOTA were investigated to assess their targeting to human CAFs. 
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2.4.3 In vivo evaluation of the tumor retention, biodistribution, and pharmacokinetics of 
FAP5-DOTA conjugates 

Having thoroughly vetted FAP5 as a targeting ligand using several in vitro methods, we 

proceeded to study the in vivo properties of FAP5, particularly the effect of the iodophenyl 

albumin-binder. Dosing studies were first conducted to optimize the nmol of conjugate required 

for radioimaging and radiotherapy. Balb/c mice bearing 4T1 tumors received an intravenous tail-

vein injection of 1–30 nmol FAP5-DOTA or FAP5-IP-DOTA radiolabeled with ~11 MBq of In-

111, after which SPECT/CT scans were performed to assess the biodistribution and 

pharmacokinetics. The results of these dosing studies are given in Figure 2.2. The SPECT/CT 

scans indicate that even high doses of FAP5-DOTA resulted in poor tumor uptake and retention. 

However, the presence of the iodophenyl albumin-binder facilitated high tumor uptake and long-

term retention of FAP5 radioligand when injected in sufficient quantities. Similar results were 

found in the human tumor xenograft HT29, as shown in Supplemental Figure S2.6. 

The biodistribution FAP5-DOTA conjugates were next quantitatively studied by ex vivo 

analysis. FAP5-DOTA (5 nmol) was radiolabeled with Lu-177 and injected intravenously into 

4T1-bearing Balb/c mice (n = 4–5) via the tail vein. FAP5-IP-DOTA (5 nmol) was radiolabeled 

with In-111 and injected intravenously into 4T1-bearing Balb/c mice (n = 5) via the tail vein. At 

various times, the mice were euthanized, and organs of interest were harvested for radioactive 

measurements using a gamma counter. The results of FAP5-DOTA versus FAP5-IP-DOTA are 

given in Figure 2.3 and Figure 2.4 respectively, and parallel what was expected based on the 

SPECT/CT scans. FAP5-DOTA possesses a short half-life in vivo, appearing to entirely clear from 

the bloodstream in under an hour via the liver and spleen, thus limiting the tumor uptake of the 

radioconjugate. Conversely, the addition of the iodphenyl albumin-binder allows the FAP5 

radioligand to persist in the bloodstream for more than 24 hours, enabling FAP receptor saturation 

in the tumor stroma and consequently long-term tumor retention. Retention in the tumor persisted 

for up to 120 hours. FAP5-IP-DOTA cleared from most off-target organs within the first 24 hours 

via renal excretion, with the notable exception of the kidneys. Ratios of tumors to important organs 

at the tested time points are also provided. 
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Figure 2.2. Dosing studies of FAP5-DOTA conjugates in 4T1 tumor. White arrows indicate 

tumor. Red arrows indicate liver. Purple arrows indicate spleen. Yellow arrows indicate kidneys. 
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Figure 2.3. FAP5-DOTA biodistribution in 4T1 tumor-bearing mice and tumor-to-organ ratios (n 

= 4–5). White arrows indicate tumor. Red arrows indicate liver. Purple arrows indicate spleen. 
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Figure 2.4. FAP5-IP-DOTA biodistribution in 4T1 tumor-bearing mice and tumor-to-organ ratios 

(n =5). White arrows indicate tumor. Yellow arrows indicate kidneys. 
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2.4.4 Radiotherapy of 177Lu-FAP5-IP-DOTA in 4T1 tumor-bearing mice 

Encouraged by the high tumor uptake and retention FAP5-IP-DOTA demonstrated in vivo, 

we next pursued radiotherapy with the conjugate. Balb/c mice were implanted with 4T1 tumors 

approximately one week prior to initiation of the radiotherapy. Mice were randomized into 

different experimental groups to ensure equal starting tumor size. Mice then received a single 

intravenous injection via tail vein of 5% ethanol in PBS as a control, or 5% ethanol in PBS 

containing 5 nmol of FAP5-IP-DOTA radiolabeled with either 9 MBq (low dose) or 18 MBq (high 

dose) of lutetium-177. Tumors and body weights were measured every other day for two weeks, 

after which the mice were sacrificed and select organs were fixed and prepared for toxicology 

evaluation. Both doses limited growth of the murine breast cancer 4T1 relative to the control, and 

were well tolerated, as shown in Figure 2.5. SPECT/CT scans were also taken of one treated mouse 

from the therapy study, which is shown in Supplemental Figure S2.7. Further evaluation of 

sections from the heart, liver, and kidneys post-radiotherapy showed no diagnostic lesions nor 

other significant differences between the treated and control mice. 
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Figure 2.5. Radiotherapy of 177Lu-FAP5-IP-DOTA in 4T1 tumor-bearing mice (n = 5 per group). 
Treated mice received a single injection on day 0. The low dose group was injected with 9 MBq 

of lutetium-177 per mouse, and the high dose group was injected with 18 MBq per mouse. 
Tumor progression and relative body weights were measured every other day. After the 

conclusion of the therapy study, mice were euthanized and had their organs fixed for toxicology 
evaluation. No diagnostic lesions were observed in the selected organs of the control or treated 

mice. 
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2.4.5 Radiotherapy of 177Lu-FAP5-DOTA Conjugates in Human Tumor Xenografts 

Radiotherapy with FAP5-IP-DOTA against three human tumor xenografts using lutetium-

177 as the radionuclide was next investigated. Mice were randomized into different experimental 

groups to ensure equal starting tumor size. Mice then received a single intravenous injection via 

tail vein of 5% ethanol in PBS as a control, or 5% ethanol in PBS containing 5 nmol of FAP5-IP-

DOTA radiolabeled with either 9 MBq (HT29) or 18 MBq (U87MG and KB) of lutetium-177. 

Survival, tumor sizes, and body weights were measured every other day until mice reached a 

critical endpoint as shown in Figure 2.6. After euthanasia, random mice were selected to 

immediately harvest and fix important organs for toxicology evaluation. In all 3 tumor models, 
177Lu-FAP5-IP-DOTA suppressed tumor growth compared to the control mice. Mice treated with 
177Lu-FAP5-IP-DOTA also experienced a weight loss within the first week post injection but 

recovered thereafter. Survival curves show that 177Lu-FAP5-IP-DOTA therapy extended the 

survival time of treated mice relative to controls. SPECT/CT scans in all 3 tumor models with 

FAP5-IP-DOTA are also shown in Supplemental Figure S2.7. Necrotic collapse was observed 

specifically in HT29-tumor bearing mice that received FAP-targeted radiotherapy, but not control 

mice. Representative pictures are provided in Figure 2.7. Post-radiotherapy evaluation of sections 

from the heart, liver, and kidneys showed no diagnostic lesions nor other significant differences 

between the treated and control mice. Representative slides from the diagnostic lesion evaluation 

are shown in Figure 2.7. 

FAP5-DOTA radiotherapy without an albumin-binder was also investigated in one tumor 

model using 177Lu as the radionuclide. A separate group of KB tumor-bearing mice received a 

single intravenous injection via tail vein of 5% ethanol in PBS containing 5 nmol of FAP5-DOTA 

with 18 MBq of lutetium-177. Tumor sizes and body weights were measured every other day until 

mice reached a critical endpoint, after which the mice were euthanized. No discernible difference 

between the 177FAP5-DOTA and the control group was observed with regards to survival time, 

tumor sizes, or body weights. Results from the FAP5-DOTA radiotherapy study in KB tumors are 

also presented in Figure 2.6.  
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Figure 2.6. Radiotherapy of 177Lu-FAP5-DOTA conjugates in human tumor xenografts. Mice 

bearing U87MG (n = 5), HT29 (n = 4), or KB (n = 5) tumor xenografts received a single 
injection on day 0. Mice bearing HT29 tumors received a 9 MBq dose of lutetium-177, while 

mice bearing U87MG or KB tumors received a 18 MBq dose. Survival, tumor progression and 
relative body weights were measured every other day. After the conclusion of the therapy study, 

mice were euthanized and had their organs fixed for toxicology evaluation. 
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Figure 2.7. Effect of 177Lu-FAP5-IP-DOTA on various tissues. Necrotic collapse was present in 

all HT29 tumor-bearing mice that received a therapeutic injection, but only mild ulcers were 
observed in two of the HT29 tumor-bearing mice that received a control injection. No diagnostic 

lesions were observed in the selected organs of the control or treated mice.  
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2.5 Discussion 

The quinoline-based FAP ligand FAPI has been investigated extensively in recent years for 

radiotheranostic purposes.2, 42-44 However, tumor uptake and retention have proven problematic.21, 

22, 45 In an effort to identify alternative FAP ligands with improved tumor uptake and retention, we 

conducted an in silico comparison of FAPI to other reported FAP inhibitors. Based on reported 

IC50 values and our computational results (see Supplemental Figure S2.8), we selected and 

synthesized a 4-carboxymethylpyrogluatmic acid diamide-based FAP ligand (see Sch. 2.1–4). Our 

analysis of FAP expression on the various cell lines used to test this novel ligand match those 

previously reported.20, 46, 47 The lack of positive staining shown by 4T1, HT29, and KB tumor 

models with FAP antibodies (see Fig. 2.1) suggest that the apparent FAP overexpression in vivo is 

primarily due to recruiting and or activating FAP+ CAFs. U87MG cells do express FAPα directly, 

although at somewhat lower levels than CAFs.20 

In recent years, our lab has focused on developing new FAP ligands for targeting activated 

fibroblasts with various payloads such as fluorescent dyes, cell signaling pathway inhibitors, and 

radioactivity.17, 48 While fluorescent dyes and inhibitors generally contain albumin-binding 

moieties within their structures,23, 24, 49-54 radioactive chelators do not appear to provide the same 

pharmacokinetic benefits. We performed parallel studies with FAP5-DOTA and FAP5-IP-DOTA 

and did not observe similar tumor uptake, retention, or biodistribution profile in vivo (see Fig. 2.2–

4) despite demonstrating near identical FAPα binding affinity in vitro (Fig. 2.1, see also Suppl. 

Fig. S2.5). Our results parallel the improvements shown in the literature with other targeting 

ligands (e.g., folate, PSMA) that used the iodophenyl albumin-binder to improve radioactive 

theranostics.26, 30 

Previous FAPα-targeted radiotherapy studies have attempted to compensate for lack of 

tumor uptake with experimental models using either tumor cell lines where FAPα is expressed 

directly on the cancer cells,14, 55 or using very large tumors.56 While these models can be useful as 

a proof-of-concept, they can also be problematic for translation into the clinic. Most tumor types 

do not express FAPα directly on the cancer cells, so the interpretation of research in preclinical 

evaluation that uses FAP-expressing cell lines may be overly optimistic. Larger tumors and 

advanced grades correlate significantly with CAF density and high FAP stroma intensity,57-59 but 

radiotherapy is less effective in such tumors.60 Additionally, targeted therapies that use large tumor 

models may rely more on the enhanced permeability and retention (EPR) effect than ligand-
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receptor mediated targeting to deliver their drug.61 Relevant tumor models that provide more 

representative results for translation into the clinic should be encouraged. 

We initiated radiotherapy studies with 4T1 tumors and found that a single dose of 9 or 18 

MBq of 177Lu-FAP5-IP-DOTA was sufficient to suppress tumor growth after 2 weeks without 

major side effects (see Fig. 2.5). We then investigated the radiotherapeutic effects of 177Lu-FAP5-

IP-DOTA in several human tumor xenograft models (see Fig. 2.6). After several weeks, we 

observed significant suppression of tumor growth in all models. Slight weight loss, followed by 

recovery, was also observed within the first week post injection. This is likely due to the low but 

enduring kidney retention observed in both our SPECT/CT and biodistribution studies. Survival 

was extended in all treatment groups compared to the controls. It should be noted that the U87MG 

cell line does express FAPα directly on the cancer cells. However, U87MG cells do not express 

significantly more FAPα receptors compared to CAFs,20 and the therapeutic benefits observed 

were not seemingly different compared to the FAPα- tumor models 4T1, KB, or HT29. 

Furthermore, FAP5-IP-DOTA showed discernible radiotoxic effects on the tumor, but not healthy 

tissues (see Fig. 2.7). A blinded evaluation of various sections of the myocardium, liver, and 

kidneys from randomly selected control and treated mice displayed no discernible toxic lesions 

resulting from the therapy nor any other significant morphological differences (see Table 2.1). 

While hepatic extramedullary hematopoiesis (EMH) was observed in certain mice, it is expected. 

Increased circulating neutrophils were also observed in certain mice, though no necrosis was noted. 

Future studies with a complete blood count (CBC) will be required to determine the cause. 
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Table 2.1. Summary of histopathology of necropsy tissues from 177Lu-FAP5-IP-DOTA 
radiotherapy studies. # Examined refers to total number of sections examined from multiple 

mice. DL = Diagnostic Lesions. 

While attaching an albumin-binder attachment to our FAPα radioligand resulted in increased 

tumor uptake and retention, further optimization is required. The most critical need to address will 

be investigating methods to increase the therapeutic effect of FAP-targeted radioligands. While 

FAPα is highly specific for tumor tissue, there are potential concerns regarding the receptor count, 

as well as the internalization and recycling kinetics. Christiansen et. al estimated ~117,000 FAPα 

cell-surface receptors per fibroblast based on their enzymatic activity assays with the WI38 cell 

line, and our FACS analysis indicates a similar level of FAP expression between the WI38 human 

embryonic lung fibroblast cell line and the Hs894 human CAF cell line (see Fig. 2.1).46 Fischer et. 

al showed that ~5 hours was necessary to internalize 80% of cell-surface FAPα upon binding with 

a FAP internalizing antibody, and over 60 hours passed before ~90% FAP cell-surface expression 

was restored.14 These FAPα attributes are significantly inferior compared to other receptors such 

as FR and PSMA, and will require creative solutions to maximize tumor uptake and retention.62-64 

Based on the apparent lack of toxicity of 177Lu-FAP5-IP-DOTA, tumor radiotherapy results 

could be readily improved by using higher doses, multiple doses, and/or more potent isotopes such 

as 90Y or 225Ac.56, 65, 66 Another facile method for increasing therapeutic potency would be 

combining 177Lu-FAP5-IP-DOTA radiotherapy with chemo- or immunotherapy.67-74 Structural 

Species Group Organ # Examined DL 
Balb/c Control 

(n = 4) 
Liver 22 0 

R. Kidney 16 0 
L. Kidney 16 0 

Myocardium 16 0 
Treated 
(n = 4) 

Liver 24 0 
R. Kidney 16 0 
L. Kidney 16 0 

Myocardium 16 0 
Athymic nu/nu Control 

(n = 2) 
Liver 8 0 

R. Kidney 8 0 
L. Kidney 8 0 

Myocardium 8 0 
Treated 
(n = 7) 

Liver 38 0 
R. Kidney 28 0 
L. Kidney 28 0 

Myocardium 28 0 
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modifications to enhance FAP radioligand internalization and/or retention should be explored. 

Finally, the low yet persistent renal retention of radioactivity needs to be addressed. Protection of 

the kidneys may be achieved through the administration of high amounts of lysine and/or arginine, 

plasma expanders, or diuretics to elevate the rate of urination.75-82  

2.6 Conclusion 

In this study, we synthesized a novel FAPα targeted ligand with an albumin-binding domain 

for radioactive theranostics using 4-(p-iodophenyl)butyric acid. The albumin-binder was the 

driving force in improving the pharmacokinetics of the FAPα radioligand, which resulted in 

increased tumor uptake and retention. This effect provided for SPECT/CT scans with higher 

tumor-to-background contrast, more favorable biodistribution, and enhanced tumor therapy in both 

mouse and human tumor models. The results are encouraging, and further research is warranted 

for the development of FAPα-targeted radioligands with albumin-binding moieties to provide 

better radiotheranostic options to cancer patients. 
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2.8 Appendix A. Supplemental Information 

Additional data further supporting our results are provided below. 
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Supplemental Figure S2.1: LC/MS characterization of final products of Schemes 2.1-4. 
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Supplemental Figure S2.2: LC/MS analysis of cold chelations with FAP5-DOTA conjugates. 
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Supplemental Figure S2.3: Representative radiochromatograms of FAP5-DOTA radiolabeled 

with either indium-111 or lutetitum-177. 
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Supplemental Figure S2.4: Representative radiochromatograms of FAP5-IP-DOTA radiolabeled 

with either indium-111 or lutetitum-177. 
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Supplemental Figure S2.5. FAP5-DOTA and FAP5-IP-DOTA were incubated with HEK-hFAP 

cells at increasing concentrations to displace a constant concentration of FAP5-Rhodamine 
conjugate. FAP5-DOTA and FAP5-IP-DOTA were radiolabeled with either Lu-177 or In-111 
and incubated with HEK-hFAP or HT1080-hFAP at increasing concentrations to generate total 

binding curves. All samples were performed in triplicate.  
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Supplemental Figure S2.6. Dosing studies of FAP5-DOTA conjugates in HT29 tumor 

xenografts. White arrows indicate tumor. Red arrows indicate liver. Yellow arrows indicate 
kidneys. 
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Supplemental Figure S2.7. Additional SPECT/CT scans with FAP5-IP-DOTA. White arrows 

indicate tumor. Yellow arrows indicate kidneys. 
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Supplemental Figure S2.8. In silico comparison of FAPI-04 vs. FAP5 docking to FAP protein. 
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 PRECLINICAL INVESTIGATION OF THERANOSTIC 
FIBROBLAST ACTIVATION PROTEIN RADIOLIGANDS: FURTHER 

OPTIMIZATIONS 

3.1 Abstract 

Fibroblast activation protein alpha (FAPα) is an excellent oncological target due to its 

selective expression on activated fibroblasts such as cancer-associated fibroblasts (CAFs) and 

nearly nonexistent expression in healthy tissues. Like other stromal cells, CAFs consistently 

accumulate in and play a key role in the development of a wide variety of tumors. We previously 

reported a safe and effective FAP-targeted radioligand for imaging and therapy, but further 

improvements are warranted. Structural modifications to the ligand and/or linker are a vital 

strategy for enhancing radiotheranostic results. More aggressive dosing strategies are also possible 

due to the low toxicity of FAP5-IP-DOTA. In this study we explore a variety of approaches for 

improving the radiotheranostic results of the FAP5 radioligand. We report key insights into the 

optimization of FAP5 radiotherapy based via structural modifications and dosing regimens. 

3.2 Introduction 

Fibroblast activation protein (FAP) is an ideal target for cancer due to the near ubiquitous 

expression in cancerous tissue and coinciding lack of expression in healthy tissues.1-4 Cancer 

associated fibroblasts (CAFs) are manipulated by tumor cells to secrete growth factors, promote 

angiogenesis, release immunosuppressive agents, and produce extracellular matrix (ECM) 

proteins that act as a physical barrier against immune cells and antibodies.5-10 Increased FAP 

expression and CAF differentiation are negative prognostic markers for patient survival.11-15  

Research into optimizing FAP-targeting ligands for radiotheranostics is ongoing, primarily 

with linker modifications but also recently with albumin-binder attachments.16-19 We previously 

demonstrated a novel, 4-carboxymethylpyrogluatmic acid diamide-based structure, FAP5, was an 

effective FAP ligand. Though the FAP5 ligand is quite potent in vitro, we found that an albumin-

binding moiety was pharmacokinetically expedient for desirable in vivo targeting. The FAP5-IP-

DOTA conjugate showed high tumor uptake, long-term retention, and negligible toxicity when 

radiolabeled with the beta-emitting radionuclide lutetitum-177. However, maximizing tumor 
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uptake and retention are essential for ideal radiotherapeutic results, and further investigation to 

optimize these desired attributes are merited.  

In this study, we explore a variety of structural and procedural modifications to further 

improve the radiotheranostic results with FAP5. We began with rational structural modifications 

to the FAP5 ligand, the linker, and spacer based on the literature.20-25 We investigated additional 

albumin-binder moieties based on recent reports.26-29 We co-injected an amino acid solution to 

further improve the biodistribution of FAP5-IP-DOTA.30-35 Finally, we explored several more 

aggressive dosing regimens with 177Lu-FAP5-IP-DOTA. 

3.3 Materials and Methods 

Materials were purchased from the same vendors as reported previously (2.3.1). Syntheses, 

purifications, and characterizations were performed with procedures analogous to what we have 

reported previously (2.3.2, 2.3.3). Cell culture (2.3.5), radiolabelings (2.3.7), computational 

docking (2.3.8), cell binding assays (2.3.9), animal husbandry (2.3.10), tumor implantations 

(2.3.11), radioimaging (2.3.12), radiotherapy (2.3.14), and statistical analyses (2.3.15) were all 

performed as previously reported. Some noteworthy distinctions are detailed below. 

3.3.1 Materials 

Rhodamine NHS ester was purchased from Thermo Fisher Scientific (Waltham, MA).  

Additional PEG linkers were purchased from BroadPharm. NOTA-NHS ester was purchased from 

CheMatech (Dijon, France). 4-(p-fluorophenyl)butyric acid was purchased from A2B (San Diego, 

CA). 2-(p-chlorophenyl)butyric acid was purchased from AK Scientific (Union City, CA). Fmoc-

Lys-OtBu was purchased from ChemImpex (Wood Dale, IL). L-Lysine monohydrochloride was 

purchased from Millipore Sigma (St. Louis, MO).  

3.3.2 Chelation 

FAP5-NOTA conjugates were diluted with ammonium acetate (0.5 M, pH 8.0) to reach a 

final conjugate concentration of 0.5 mM. Cold chelations were performed by adding natural copper 

in a dilute HCl solution in excess, agitated for 30 minutes, then analyzed using LC/MS. The mobile 

phase consisted of a 20 mM ammonium acetate aqueous buffer (pH 7) (A) and acetonitrile (B) 

with a linear gradient from 5% B to 95% B over 15 minutes.  
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3.3.3 Formulation 

Sodium ascorbate (100 mg/mL) and L-methionine (5 mg/mL) were freshly dissolved in a 

5% EtOH in PBS solution just prior to dilution. Conjugates were diluted to the correct 

concentration upon confirmation of successful radiolabeling via radio-HPLC analysis. Further 

radio-HPLC analysis over a one-week period at room temperature showed the presence of 

radiolytic stabilizers allowed the conjugate to maintain radiochemical purity. 

3.3.4 Amino Acid Solution Administration 

An amino acid solution was made with 30 mg of L-Lysine per 200 μL of PBS. Mice were 

injected intraperitoneally with 30 mg of L-Lysine within 5 minutes of intravenous tail-vein 

injection of the radioconjugate, either pre- or post-injection.  

3.3.5 Radiotherapy  

4T1 tumors were grown to approximately 200 mm3 (n = 5 per group). All mice were 

randomly divided into control or treatment groups prior to the initiation of the therapy studies. 

Mice received a single intravenous dose of formulation buffer alone or with 5 nmol of FAP5-IP-

DOTA radiolabeled with ~50 MBq of lutetium-177 via the tail vein on day 0. One group of mice 

received a second intravenous dose of 5 nmol of FAP5-IP-DOTA radiolabeled with ~22 MBq of 

lutetium-177 via the tail vein on day 3. All mice were administered a dose of amino acid solution 

with each radioactive injection. Tumors were measured in two perpendicular directions every other 

day during therapy, and their volumes were calculated as 0.5 x L x W2, where L is the longest axis 

(in millimeters), and W is the axis perpendicular to L (in millimeters). Humane endpoint criteria 

were defined as weight loss of more than 20% of the initial body weight, a tumor volume of more 

than 1,800 mm3, or open ulceration. Mice were euthanized on reaching one of the predefined 

endpoint criteria.  

3.3.6 NIR Imaging 

Fluorescence imaging and biodistribution was performed with a Caliper IVIS Luminal II. 

4T1 tumors were treated for approximately 3.5 weeks before conducting NIR dye scans. Each 

mouse was injected intravenously via tail vein with 10 nmol of FAP5-S0456. Mice (n = 2 per 
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group) were anesthetized with 3% isoflurane in oxygen and whole-body images were taken at 3 

hours post-injection. Imaging acquisition parameters were: Lamp Level = high; Excitation = 745 

nm; Emission = 810 nm; Binning (M) = 4M; F-stop = 4; FOV = 12.5; Acquisition time ≤ 5 seconds.  

3.3.7 Murine pulmonary fibrosis model 

Pulmonary fibrosis was induced in C57BL/6 mice as reported previously.36, 37 Radiolabeling, 

SPECT/CT scans, and image processing were performed using the same procedures as in the tumor 

model.  

3.4 Results 

3.4.1 In vitro Evaluation of Binding of FAP5 Ligand Analogs 

A mono-fluoro analog of FAP5 was synthesized for comparison to our FAP5 ligand, based 

on the original report of similar or even slightly improved binding to FAPα.20 The two were 

compared by incubating increasing concentrations of either analog with a constant concentration 

of FAP5-Rhodamine in HEK-FAP cells. The results are provided in Figure 3.1. Our difluoro- 

FAP5 ligand demonstrated ~20x better binding to FAP than the mono-fluoro analog, with 

inhibitory constants of 0.37 nM and 8.65 nM respectively.  
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Figure 3.1. Evaluation of binding of FAP5 ligand analogs. A consistent concentration of FAP5-
Rhodamine was incubated with HEK-FAP cells and increasing concentrations of either FAP5-

PEG4-DOTA or a FAP5-monofluoro analog. All samples were performed in triplicate.  

3.4.2 In vitro Evaluation of FAP5 Ligand Binding with Modified Linkers 

Several FAP5-Rhodamine conjugates with different linkers were synthesized. A triazole 

linker was compared to two amide linkers of different lengths via binding curves in HEK-FAP 

cells. The final structures and binding curves are provided in Figure 3.2. The triazole-phenyl linker 

conjugate demonstrated a binding affinity of 1.4 nM, while both amide linker conjugates showed 

binding affinities above 10 nM (12.1 and 10.8 nM respectively).  
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Figure 3.2. Evaluation of FAP5 ligand binding with modified linkers. A phenyl-triazole linker 

was compared with two different amide linkers as shown in the structures above. Binding studies 
were performed, where each conjugate was incubated with HEK-FAP cells in increasing 

concentrations. All three conjugates were tested in parallel. All samples were performed in 
triplicate. 
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3.4.3 In vitro Evaluation of FAP5-DOTA Conjugates with Different Spacer Lengths 

Several FAP5-DOTA conjugates with different spacer lengths were next synthesized to 

investigate the influence of the spacer on the binding of FAP5. Polyethylene glycol (PEG) spacers 

with 4, 6, and 12 units were evaluated. Binding to FAP was determined in HEK-FAP cells by 

displacing a constant concentration of FAP5-Rhodamine with increasing concentrations of FAP5-

PEG4-DOTA, FAP5-PEG6-DOTA, or FAP5-PEG12-DOTA. The results of the displacement assay 

are provided in Figure 3.3. While FAP5 maintained inhibitory binding constants of less than 1 nM 

with a PEG4 or PEG6 spacer (0.37 nM and 0.77 nM respectively), a PEG12 spacer caused a severe 

reduction in FAP binding affinity (>200,000 nM).  

 
Figure 3.3. Evaluation of FAP5-DOTA conjugates with different lengths of PEG spacer. A 

consistent concentration of FAP5-Rhodamine was incubated with HEK-FAP cells and increasing 
concentrations of FAP5-PEG4-DOTA, FAP5-PEG6-DOTA, or FAP5-PEG12-DOTA. All samples 

were performed in triplicate.  

3.4.4 Synthesis and Evaluation of FAP5-NOTA Conjugates with Alternative Phenyl-based 
Albumin Binders 

Based on previous reports, we synthesized several FAP5-NOTA conjugates with alternative 

substituents at para position of phenyl-butyric acid.26, 27 Faster tumor uptake and clearance from 

healthy tissues are ideal pharmacokinetics for radiodiagnostics. PET radionuclides such as F-18, 

Ga-68, and Cu-64 are generally preferred to SPECT radionuclides, and NOTA is a more suitable 

chelator for these specific isotopes.38, 39 The synthesis for these conjugates is provided in Scheme 

3.1. LC/MS characterization of final conjugates and cold chelation with natural copper are 

provided in Supplementary Figure S3.1.  
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Scheme 3.1. Synthesis of FAP5-XP-NOTA. Reagents and conditions: (a) Fmoc-Lys-OH, HATU, 

DIPEA, DMF, rt, 3h; (b) Propargyl-PEG6-NH2, HATU, DIPEA, DMF, rt, 3h; (c) Fragment 1, 
CuI, DIPEA, DMF, 55°C, 5h; (d) i. TFA, ACN, 0°C-rt, 1h; ii. Fragment 2, HATU, DIPEA, 

DMF, rt, 3h; (e) i. Et2NH, DCM, rt, 1h; ii. NHS-ester NOTA, DMF, rt, 12h. 

The conjugates were evaluated in vitro by displacement assay. HEK-FAP cells were 

incubated with a constant concentration of FAP5-Rhodamine and increasing concentrations of 

either FAP5-FP-NOTA or FAP5-CP-NOTA. The results are provided in Figure 3.4. Both 

conjugates displaced high affinity for FAP, with inhibitory constants of 0.90 nM and 2.3 nM 

respectively. 

HO

O
X HO

O
NHFmoc

H
N

O X

O
O N

H

O

H
N

O X

NHFmoc
5

O
O N

H

O

H
N

O X

NHFmoc
5NBocN

NN

O
O N

H

O

H
N

O X

NHFmoc
5NN N

N

H
N O

N

O

FF

NC

O

O
O N

H

O

H
N

O X

HN
5

NN N
N

H
N O

N

O

FF

NC

O

O

a b

c d

e

FAP5-XP-NOTA

N
OH

O
N

N

O

HO

X = -F or -Cl



109 

 
Figure 3.4. Evaluation of FAP5-XP-NOTA conjugates with alternative albumin-binders. A 

consistent concentration of FAP5-Rhodamine was incubated with HEK-FAP cells and increasing 
concentrations of FAP5-FP-NOTA or FAP5-CP-NOTA. Both conjugates were tested in parallel. 

All samples were performed in triplicate. 

3.4.5 Reducing Renal Uptake of FAP5-IP-DOTA with Co-Administration of Amino Acid 
Solution 

We have previously demonstrated that FAP5-IP-DOTA has high and sustained tumor 

retention. While FAP5-IP-DOTA is cleared relatively quickly from most other organs, the kidneys 

do experience prolonged exposure to radioactivity, likely due to the long circulation time of FAP5-

IP-DOTA as well as slow clearance from the tumor. Other studies reported that the administration 

of amino acid solutions both reduce renal uptake and increase tumor uptake.34 We injected a lysine 

solution into the intraperitoneal cavity of mice with several different tumors within minutes of an 

intravenous tail-vein injection of  radiolabeled FAP5-IP-DOTA. We then performed SPECT/CT 

scans to investigate whether this technique might also improve the renal clearance of FAP5-IP-

DOTA. The resulting scans are provided in Figure 3.5. In both Balb/c mouse bearing a 4T1 tumor 

and an athymic nu/nu mouse bearing a KB tumor, renal uptake appeared reduced relative to 

previous scans, particularly at early time points (see Figures 2.4, S2.7). 
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Figure 3.5. Reducing renal uptake of FAP5-IP-DOTA radioconjugates with co-administration of 

amino acid solution. A concentrated lysine-PBS solution was intraperitoneally injected within 
minutes of an intravenous tail-vein injection of the FAP5-IP-DOTA radioconjugate. Early time 
points showed significant reduction in renal uptake compared to previous scans. White arrows 

indicate tumor. Yellow arrows indicate kidneys. 

3.4.6 Improved Radiotherapy with High Dosing Regimen of 177Lu-FAP5-IP-DOTA 

Balb/c mice were implanted with 4T1 tumors, which were grown to approximately 200 mm3 

before initiation of the radiotherapy. Mice received an intravenous injection of either 5% EtOH in 

PBS alone or 5% EtOH in PBS containing FAP5-IP-DOTA radiolabeled with 55 MBq of 

lutetitum-177 on day 0. A second group of mice received a second dose of FAP5-IP-DOTA 

radiolabeled with 22 MBq on day 3. All radioactive injections were accompanied with an injection 

of amino acid solution into the intraperitoneal cavity. Tumor sizes and body weights were 

measured every other day, which are provided in Figure 3.6. Both treatment groups show 
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significant reduction of tumor growth compared to the controls, but not a significant difference is 

observed between the mice that received one dose versus two doses. While neither treatment group 

suffered significant weight loss, the treatment group that received a second dose appears to have 

experienced a slower recovery than the mice that received one dose. 

 
Figure 3.6. Radiotherapy of 4T1 tumor with high dosing regimen of 177Lu-FAP5-IP-DOTA. 
Mice (n = 5 per group) bearing 4T1 tumors were injected with 5 nmol of FAP5-IP-DOTA 

radiolabeled with 55 MBq of lutetium-177 on day 0 with a coadministration of an amino acid 
solution into the intraperitoneal cavity. The second group of mice received a second dose of 5 

nmol of FAP5-IP-DOTA radiolabeled with 22 MBq of lutetium-177 on day 3 with a 
coadministration of an amino acid solution into the intraperitoneal cavity.  

SPECT/CT scans were taken of one mouse from each radiotherapy group daily during the first 

week to evaluate tumor retention and kidney clearance, which are provided in Figure 3.7. 

Radioactivity was cleared from the tumor of the single dose mouse by 168 hours post injection, 

while there is still significant radioactivity in the tumor of the mouse that received a second, 

smaller dose on day 3 after 168 hours post-injection of the first dose. 
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Figure 3.7. SPECT/CT scans of 177Lu-FAP5-IP-DOTA in 4T1 tumors. Mice (n = 1) were 

injected on day 0 with 5 nmol of conjugate radiolabeled with 55 MBq of lutetium-177 and a 
coadministration of an amino acid solution into the intraperitoneal cavity. The second group of 

mice received a second dose of 5 nmol of FAP5-IP-DOTA radiolabeled with 22 MBq of 
lutetium-177 on day 3 with a coadministration of an amino acid solution into the intraperitoneal 

cavity. White arrows indicate tumor. Yellow arrows indicate kidneys. 

3.5 Discussion 

In this study, we investigated both structural modifications and procedural adjustments to 

optimize FAP-targeted radiotheranostics. We found that modifying the structure of the FAP5 

ligand did not improve binding (see Fig. 3.1) despite previous SAR studies intimating otherwise.20 

Modification of the linker from the triazole-benzene to a more hydrophilic amide bond resulted in 

a reduction of FAP binding affinity (see Fig. 3.2), likely due to loss of Pi-Pi stacking in the FAP 
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binding pocket (see Supplementary Figure S3.1). Little difference in FAP binding affinity was 

observed between a PEG4 and a PEG6 spacer. However, a drastic reduction in FAP binding affinity 

was observed with a PEG12 linker (see Fig. 3.3). This is likely due to intramolecular interactions 

between key functional groups on the FAP5 ligand and other parts of the conjugate afforded by 

the additional length and flexibility of PEG12. In the past, we have observed that reducing the 

length and flexibility of the spacer greatly influences the binding of other targeting ligands.21-25  

We synthesized several novel FAP-targeted conjugates which were optimized for 

radioimaging. While the 4-p-iodophenyl albumin-binding moiety demonstrates a circulation time 

of 18-24 hours, which is suitable for radiotherapy, the relatively slow clearance renders it 

suboptimal for radioimaging, which requires a high tumor-to-background ratio at early time points. 

We rationalized that different albumin-binders would be required to optimize radioligands for 

radioimaging vs. radiotherapy. Based on several other studies comparing different 4-p-substituted 

phenyl groups,18, 19, 26, 27 we selected fluoro- and chloro- substituents for further investigation with 

FAP5. Both conjugates demonstrated strong affinity to FAP (see Fig. 3.4).  

Satisfied with what we learned from our structural modification studies we next turned our 

attention to procedural alterations to further improve FAP-targeted radiotheranostic results. We 

first altered our formulation buffer to include radiolytic stabilizers. Radio-HPLC analysis showed 

that the radiolabeled conjugate in the new formulation buffer was stable for at least one week (see 

Supplementary Figure S3.2), whereas previous studies without radiolytic stabilizers were not 

successful if the radiolabeled conjugate was not used within the first day. Another simple 

improvement was the co-injection of an amino acid solution, which is reported to both reduce 

kidney retention and increase tumor uptake.31, 34, 35 The co-injection of a lysine solution with FAP5-

IP-DOTA appears to mitigate radioactive retention in the kidneys (see Fig. 3.5) compared to 

previous results (Figure 2.2 and Figure 2.4, see also Supplementary Figure S2.7). The apparent 

inhibition of radioactive renal uptake could facilitate higher doses of radioactivity for radiotherapy 

studies with FAP5-IP-DOTA.  

Our previous studies demonstrated suppressed tumor growth of multiple tumor types 

investigated with a single dose of 177Lu-FAP5-IP-DOTA. However, complete tumor regression 

was not consistently achieved. Because the radiotherapy was well tolerated based on both relative 

body weight changes as well as post-radiotherapy toxicology evaluations, we determined to 

increase the amount of radioactivity delivered. Indeed, other reported FAP-targeted radiotherapies 
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have used higher amounts of radioactivity compared to other targeting ligands.28, 40-45 This is likely 

necessary due to several biological attributes of the FAP receptor. FAP receptors recycle quite 

slowly relative to other receptors, requiring 5 hours to fully internalize and 60 hours to restore full 

cell-surface expression.46 Furthermore, it seems that fibroblasts express fewer than 150,000 FAP 

receptors per cell,47 which is significantly lower compared to other receptors exploited for ligand-

targeting.48 Similarly, an αvβ integrin-targeted radiotherapeutic, another receptor expressed on 

CAFs, required multiple high doses to achieve complete tumor remission.49  

We injected groups of 4T1 mice with saline, 1 dose of 177Lu-FAP5-IP-DOTA (50 MBq) on 

day 0, or 2 doses of 177Lu-FAP5-IP-DOTA (50 + 22 MBq) on day 0 and day 3 with a 

coadministration of a lysine solution (see Fig. 3.6). Day 3 was chosen for the second dose because 

we believed it to be the first day full cell-surface expression of the FAP receptor would be 

restored.46 The body weights did not significantly decrease in the treated mice despite the increase 

in radioactivity, suggesting negligible toxicity. The body weight changes were also comparable to 

previous studies with lower doses (Figure 2.5), which is likely due to the coadministration of the 

lysine solution reducing radioactive retention in the kidneys (see Fig. 3.7). The 4T1 tumor growth 

was drastically reduced in the treated groups versus the control and compared to mice treated with 

lower doses in previous studies (Figure 2.5). Pictures of the tumors were also taken on a weekly 

basis for the first 3 weeks, which are provided in Supplementary Figure S3.3. 

While the second dose does appear to contribute to extended radioactivity in the tumor (see 

Fig. 3.7), no significant changes in tumor growth were observed throughout the study between the 

two treatment groups. We supposed that this may be due to the single high dose being sufficient 

to deplete the tumors of the initial CAF population. To assess the CAF population in the tumors 

of the different groups post-radiotherapy, we performed NIR imaging in a subset of mice from 

each group with FAP5-S0456. Somewhat surprisingly, most scans showed higher FAP5-S0456 

uptake in the treated groups compared to the controls (see Supplementary Figure S3.4), suggesting 

that there were more FAP+ CAFs in the tumors of treated mice. It is a well-established phenomenon 

in the literature that radiotherapy promotes tissue fibrosis,50 and that radiotherapy leads to the 

activation of CAFs as part of the DNA Damage Response (DDR) pathway.51 Our initial hypothesis 

that multiple doses in rapid succession would be optimal regiment appears to have been incorrect. 

A second dose should likely be delayed for several weeks to allow the tumor time to activate a 

new generation of CAFs as part of the DDR. Indeed, a one report that targeted a family of CAF 
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biomarkers αvβ integrins with a radiotherapeutic found that a second dose 2 weeks after the first 

dose resulted in complete tumor regression.49 

Finally, it should be noted that the potential application of FAP5 radioligands for other 

diseases as not escaped our notice. We have previously investigated FAP-targeted theranostic 

agents for fibrosis.36 A pilot examination of FAP5-IP-DOTA radioimaging in pulmonary fibrosis 

offers encouraging results as a diagnostic agent (see Supplementary Figure S3.5), where early 

diagnosis is critical and noninvasive methods are needed.52-58 

3.6 Conclusion 

FAP is a highly promising oncological target with great potential for radiotheranostics. 

However, several biological limitations of the receptor pose significant challenges to improve 

preclinical results before translation to the clinic. We have conducted varied approaches to enhance 

the performance of our FAP5 radioligand for radioimaging and radiotherapy each. Lessons to 

optimize the structure of the FAP ligand, linker, and spacer have been observed. Coadministration 

of a lysine solution significantly reduces the kidney retention of FAP5-IP-DOTA. This reduction 

in renal radioactivity, in turn, facilitates higher and multiple doses of FAP5-IP-DOTA 

radiotherapy, ultimately resulting in improved tumor eradication. 
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3.8 Appendix B. Supplemental Information 

Additional data further validating our findings are provided below. 

 
Supplementary Figure S3.1. In silico evaluation of FAP5 linkers. 
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Supplementary Figure S3.2. Radiochromatogram analyses of the stability of the 111In-FAP5-IP-
DOTA complex in the presence of radiolytic stabilizers (100 mg/mL of ascorbate, 5 mg/mL of 

methionine) in PBS at room temperature.  
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Supplementary Figure S3.3. Pictures of 4T1 tumors throughout radiotherapy study with high 

doses of 177Lu-FAP5-IP-DOTA.  
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Supplementary Figure S3.4. NIR imaging with FAP5-S0456 of 177Lu-FAP5-IP-DOTA treated 

4T1 tumors at 3.5 weeks post injection. 
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Supplementary Figure S3.5. SPECT/CT scan of 111In-FAP5-IP-DOTA in a murine pulmonary 

fibrosis model (n = 1). Green arrows indicate lung. Yellow arrows indicate kidneys. 
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 FACILITATING RENAL CLEARANCE OF FOLATE 
CONJUGATES VIA BRUSH BORDER MEMBRANE ENZYME-

MEDIATED DEGRADATION: PRECLINICAL EVALUATION FOR 
CANCER THERANOSTICS 

4.1 Abstract 

Folate receptor is a well-validated oncological target with many desirable properties for 

ligand-targeting. However, the high and sustained renal retention of folate radioconjugates 

precludes radiotherapeutic applications with the folate-targeting ligand. Several labs have 

demonstrated that certain peptide sequences are specifically cleaved by enzymes found on the 

brush border membrane (BBM) of the kidneys and can be exploited to accelerate renal clearance 

of radioligands targeting other receptors. We present the first incorporation of BBM-cleavable 

linkers into folate conjugates and demonstrate rapid renal clearance of both near infrared (NIR) 

dye and radioactive payloads via imaging scans. We also report the first quadri-functional 

radioligand, comprised of a targeting ligand, bifunctional chelator (BFC), an albumin binder (AB), 

and a BBM enzyme-labile linker. We investigate the effect of two albumin-binders, Evans Blue 

and 4-(p-iodophenyl)butyric acid, on BBM facilitated renal clearance, particularly within the 

context of radiotherapy. Our data show promising results for reducing the kidney retention of folate 

conjugates.  

4.2 Introduction 

Folate receptor (FR) is highly overexpressed on ~40% of human cancer cells and over 50% 

of tumor-associated macrophages (TAMs).1-8 Folic acid conjugates bind to FR with low nanomolar 

affinity and internalize rapidly, which are ideal attributes for ligand-targeted radiotheranostics.9, 10 

As a result, many folate-targeted imaging agents and drugs have entered clinical trials.11 While FR 

expression is limited in most healthy tissues, folate conjugates have shown high renal 

accumulation both in preclinical models and clinical studies.12-14 This disqualifies all 

radiotherapeutic applications of folate-targeted ligands, as well as imaging applications of folate-

targeted ligands in renal carcinomas. 

Various strategies have been attempted to achieve acceptable tumor-to-kidney ratios with 

folate-targeted radioligands. Conventional methods for blocking renal uptake of radioligands such 
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as amino acid administration or diuretics failed to reduce kidney retention of folate-targeted 

radioconjugates.15 Administration of antifolates such as pemetrexed improved the tumor-to-kidney 

ratio by ~5 fold, but the ratio is still less than 1, indicating that further improvements are 

necessary.15-19 The incorporation of albumin-binders into the linker has also improved the tumor-

to-kidney ratio relative to radiofolates without an albumin-binder, but the ratio is also less than 

1.20-22 A recent publication demonstrated that the 6R-isomer of folic acid analog 5-

methyltetrahydrofolate (5-MTHF) achieved a tumor-to-kidney ratio of ~2.23 However, the 

improvement in the ratio is due to a higher accumulation of tumor uptake rather than a reduction 

in kidney uptake based on their quantitative biodistribution results. Therefore, reducing renal 

accumulation of radiofolates remains a need. 

One potential solution that has emerged is the presence of enzymes expressed specifically in 

the brush border membrane (BBM). The BBM is an epithelial surface covered by microvilli, which 

is found mainly in the kidney, as well the small and large intestines. These BBM enzymes cleave 

specific substrates such as peptides and sugars.24 This concept was first applied to targeted 

radioconjugates by the Arano lab, where a short peptide sequence that is specifically cleaved by 

BBM enzymes was used to link an antibody fragment to a radiolabeled molecule. They 

successfully demonstrated rapid kidney clearance of the conjugate with the BBM-cleavable linker 

relative to controls.25 Since then, they have identified additional peptide sequences that also 

facilitate renal clearance of radioactivity without compromising tumor uptake.26-31 Several other 

labs have also demonstrated this concept of BBM-cleavable linkers was translatable to PSMA 

radioligands and targeting peptides.32-34 However, Arano opined that this technology, “may be 

limited to LMW Abs and peptides that undergo no or slow rates of internalization…”30 

Furthermore, it was unclear whether the BBM enzyme kinetics would successfully cleave 

radionuclides from folate due to receptors actively binding and recirculating folate conjugates into 

the bloodstream, unlike other radioligands.  

Herein we report the first folate conjugates that use a BBM-cleavable substrate as the linker. 

We demonstrate a facile synthesis for incorporating BBM-cleavable peptides into folate conjugates 

with different potential payloads. We evaluate the renal clearance of a folate-targeted conjugate 

with a BBM-cleavable linker using the near-infrared (NIR) dye S0456 as a reporter for images of 

both healthy and tumor-bearing mice. We also report the first quadri-functional radioligand, 

consisting of folate as the targeting ligand, DOTA as the bifunctional chelator, a BBM-cleavable 
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peptide for a linker, and one of several albumin-binders. Albumin-binders have been shown to 

improve folate uptake in the tumor and simultaneously reduce kidney uptake, but different albumin 

binders can affect kidney retention.20, 21, 35 We evaluate the renal clearance of a folate radioligand 

with a BBM-cleavable linker with either Evans Blue or 4-(p-iodophenyl)butyric acid for both 

radioimaging and radiotherapy purposes in preclinical models. 

4.3 Materials & Methods 

4.3.1 Materials 

2-chlorotrityl resin and all amino acids were purchased from AAPPTec (Louisville, KY). 3-

Maleimido-propionic acid, HATU, PyBOP, TIPS, and Pd(PPh3)4 were purchased from Chem-

Impex International (Chicago, IL). N-Succinimidyl 3-maleimido-propinoic acid was purchased 

from A2B Chem LLC (San Diego, CA). 3-(Tritylthio)propanoic acid was purchased from AK 

Scientific, Inc. (Union City, CA). N-(2-Aminoethyl)maleimide trifluoroacetate salt was purchased 

from Enamine (Monmouth Jct., NJ). S0456-chloride was purchased from Few Chemicals GmbH 

(Bitterfeld-Wolfen, Germany). DOTA-tris (t-Bu ester) and 4-(p-iodophenyl)butyric acid were 

purchased from AstaTech, Inc (Bristol, PA). o-Tolidine and 1-Amino-8-naphthol-2,4-disulfonic 

Acid Monosodium Salt Hydrate were purchased from Thermo Fisher Scientific (Waltham, MA). 

Piperidine, ammonium hydroxide, diethyl either, CsCO3, TCEP, DIPEA, TFA, DMF, DCM, 

MeOH, DMSO, and all other reagents were purchased from Sigma-Aldrich (St. Louis, MO). 

OTL38 was provided by OnTarget. (West Lafayette, IN). Intermediates and products were purified 

using either flash chromatography (CombiFlash RF, Teledyne) or RP-HPLC (Agilent 1200 

Instrument) with an XBridge OBD preparative column (19 x 150 mm, 5 μm) purchased from 

Waters (Milford, MA). LRMS-LC/MS was performed with an Agilent 1220 Infinity LC with a 

reverse-phase XBridge Shield RP18 colum (3.0 x 50 mm, 3.5 μm).  

KB and MDA-MB-231 cell lines were originally purchased from ATCC and cultured in 

folate-deficient Roswell Park Memorial Institute medium 1640 (RPMI-1640) purchased from 

GIBCO. All other cell culture reagents such as fetal bovine serum (FBS), 1% penicillin-

streptomycin, and 2 mM glutamine were purchased from Life Technologies. Amine-coated 24-

well cultureware plates were purchased from BD Biosciences (San Jose, CA). Accutase was 

purchased from BioLegend (San Diego, CA). Common cell culture materials such as culture flasks 
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and syringes were purchased from VWR (Chicago, IL). FACS analysis was performed with an 

Attune NxT Acoustic Focusing Flow Cytometer. 

Indium-111 was purchased from Cardinal Health (Indianapolis, IN). Lutetium-177 was 

purchased from RadioMedix (Houston, TX and Garching, Germany). Chelations were done using 

a Fisherbrand Isotemp Digital Dry Bath/Block Heater (Waltham, MA). Radio-HPLC analysis was 

performed with an Agilent 1260 Infinity II with a Flow-RAM detector purchased from LabLogic 

(Brandon, FL) and a reverse-phase XBridge Shield RP18 column (3.0 x 50 mm, 3.5 μm). 

SPECT/CT scans were acquired with a VECTor/CT system with a clustered multi-pinhole high-

energy collimator (MILabs, Utrecht, The Netherlands). Radioactive binding and biodistribution 

studies were done with a Packard Cobra Gamma Counter (Niederösterreich, Austria). 

4.3.2 Synthesis of Folate Conjugates with Brush Border Membrane Cleavable Linker 

Solid Phase Synthesis of Folate with Brush Border Membrane Cleavable Linker. Fmoc-

Lys(Alloc)-OH was loaded onto 2-Chlorotrityl chloride resin by stirring the resin  in 2.0 

equivalents of the amino acid, 10 equivalents of DIPEA, and 10 mL of DCM per gram of resin for 

2 hours before capping the resin with 0.8 mL of MeOH per gram of resin for an additional 30 

minutes. The resin was washed twice with DMF with DCM per use. Amino acid couplings were 

performed following solid phase peptide synthesis protocols, available on the AAPPTec website. 

Briefly, the resin was swelled in DCM for 10 minutes, then deprotected 3x with 20% piperidine in 

DMF for 20 minutes per reaction, with 5 washes of DMF, then DCM, and DMF each between 

every deprotection. Next, 2.0 equivalents of the appropriate amino acid were activated with 2.0 

equivalents of HATU in DMF and 4.0 equivalents of DIPEA for 10 minutes before adding to the 

resin. The reaction was bubbled for three hours with an inert gas, washed, then repeated for an 

additional three hours before proceeding to the next step. When the payload was to be coupled (3-

Tritylthio-propanoic acid or DOTA-tris t-Bu ester), 3.0 equivalents of the carboxylic acid bearing 

molecule and 3.0 equivalents of HATU were used with 6.0 equivalents of DIPEA to react with the 

resin one time for four hours. Alloc deprotection was performed with 1.0 equivalents of Pd(PPh3)4 

freshly rinsed with MeOH and 20.0 equivalents of phenylsilane in DCM under inert conditions for 

one hour. The resin was rinsed 3x with DMF, 0.03 M sodium N,N-diethyldithiocarbamate in DMF, 

and DCM each before proceeding to additional couplings. Protected cysteine coupling was 

included next for radioactive conjugates but not NIR dye conjugates). Folate synthesis was 
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performed with 3.0 equivalents of N10-TFA-Pteroic acid and 3.0 equivalents of HATU with 6.0 

equivalents of DIPEA for four hours. The N10 TFA protecting group was removed using 50:50 

NH4OH:DMF (v/v). The folate intermediate was cleaved from the resin using 95:2.5:2.5 

TFA:TIPS:H2O with 10 mg of TCEP-HCl per 10 mL of solution for two hours. The resulting 

solution was removed in vacuo, filtered, and precipitated with cold diethyl ether before being 

purified on RP-HPLC [A = 20 mM ammonium acetate buffer (pH 5.0) and B = CH3CN, solvent 

gradient 5% B to 95% B in 45 minutes].  

[M+H]+ calculated for SH-MVK(Folate)-OH: C38H53N11O10S2, 888.0; observed mass 889. 

[M+H]+ calculated for DOTA-MVK(Cys-Folate)-OH: C54H80N16O17S2, 1289.5; observed mass 

1290. 

Synthesis of S0456 maleimide. One equivalent of N-Boc-tyramine was dissolved in anhydrous 

DMSO with 1.0 equivalents of CsCO3 and 1.0 equivalents of Cl-S0456 and stirred for four hours 

at room temperature. The product was purified on RP-HPLC [A = 20 mM ammonium acetate 

buffer (pH 7.0) and B = CH3CN, solvent gradient 5% B to 95% B in 45 minutes]. [M+H]+ 

calculated for C51H66N3O15S4+, 1089.3; observed mass 1090. 

The amine was deprotected with neat TFA for 1 hour. Progress of the reaction was 

monitored via LC/MS. LC/MS (m/z): [M+H]+ calculated for C46H58N3O13S4+, 989.2; observed 

mass 990. After removal of the TFA in vacuo, the product was redissolved in anhydrous DMSO 

with 10.0 equivalents of DIPEA and 1.2 equivalents of N-Succinimidyl 3-maleimidopropionate 

and stirred for four hours at room temperature under inert gas. The final product was purified on 

RP-HPLC [A = 20 mM ammonium acetate buffer (pH 7.0) and B = CH3CN, solvent gradient 5% 

B to 95% B in 45 minutes]. [M+H]+ calculated for C53H63N4O16S4+, 1140.3; observed mass 1141. 

Synthesis of Evans Blue maleimide. Evans Blue maleimide was synthesized as reported 

previously.36, 37 Briefly, 1.0 equivalents of 3-Maleimido-propionic acid was stirred with 1.0 

equivalents of HATU in DMF and 4.0 equivalents of DIPEA under inert gas for 10 minutes, then 

1.5 equivalents of tolidine were added. The reaction was stirred overnight, then purified by flash 

chromatography. [M+H]+ calculated for C21H21N3O3, 363.4; observed mass 364. 

The product was dissolved in ACN and cooled to 0°C. Ice cold 0.3 M HCl was added, sufficient 

for 4.7 equivalents, then ice cold 0.9 M NaNO2 was added, sufficient for 3.0 equivalents, in 

dropwise fashion. The solution was stirred for thirty minutes, during which it turned a bright 

yellow color. Meanwhile, 2.1 equivalents of 1-amino-8-naphthol-2,4-disulfonic acid was 
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dissolved with 4.0 equivalents of NaHCO3, and chilled to 0°C. The two solutions were then 

combined, allowed to reach room temperature, and stirred for 90 minutes. The Evans Blue 

maleimide was purified on RP-HPLC [A = 20 mM ammonium acetate buffer (pH 7.0) and B = 

CH3CN, solvent gradient 5% B to 95% B in 45 minutes]. [M+H]+ calculated for C31H27N5O10S2, 

693.7; observed mass 694. 

Synthesis of Iodophenyl maleimide. 4-(p-iodophenyl)butyric acid was dissolved with DIPEA (3 

eq) and HATU (1 eq) in DMF and stirred for 10 minutes. N-(2-Aminoethyl)maleimide and DIPEA 

(1.5 eq) were added in DMF then stirred for 2 hours. The crude product was extracted then purified 

by flash chromatography. [M+H]+ calculated for C17H18INO3, 411.2; observed mass 412. 

Synthesis of final Folate conjugates. The thiol-bearing folate molecule was conjugated to the 

respective maleimide-bearing molecule by dissolving one equivalent of each compound in 

anhydrous DMSO and stirred under inert gas for four hours. The final folate conjugates were 

purified on RP-HPLC [A = 20 mM ammonium acetate buffer (pH 7.0) and B = CH3CN, solvent 

gradient 5% B to 95% B in 45 minutes].  

[M+H]+ calculated for S0456-MVK(Folate)-OH: C91H116N15O26S6+, 2028.4; observed mass 1014, 

676. 

[M+H]+ calculated for DOTA-MVK(EB-Folate)-OH: C85H107N21O27S4, 1983.2; observed mass 

992. 

[M+H]+ calculated for DOTA-MVK(IP-Folate)-OH: C70H97IN18O20S2, 1701.7; observed mass 

1702, 851, 567. 

4.3.3 Cell Culture 

KB and MDA-MB-231 cells were cultured in folate-deficient RPMI-1640 media with 10% 

FBS, 1% penicillin-streptomycin, and 1% 2 mM glutamine. Cells were cultured at 37°C in a 5% 

CO2 and 95% humidified atmosphere. All cells used in this study were thawed from frozen vials 

saved in a master stock 

4.3.4 Chelation and Radiolabeling 

Folate-DOTA conjugates were diluted with ammonium acetate (0.5 M, pH 8.0) to reach a 

final conjugate concentration of 0.5 mM. Cold chelations were performed by adding natural 
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indium or lutetium in a dilute HCl solution in excess, heated to 90°C for 10 minutes, then analyzed 

using LC/MS. Indium-111 (111InCl3) was added to obtain a specific activity of up to 2 MBq/nmol, 

then heated to 90°C for 10 minutes. 177Lu (177LuCl3) was added to obtain a specific activity of up 

to 4 MBq/nmol. Sodium-diethylenetriamine pentaacetate solution (5 mM, pH 7.0) was added to 

complex any unreacted traces of radioactive isotope. Radiochemical purities were analyzed using 

radio-HPLC. The mobile phase consisted of a 20 mM ammonium acetate aqueous buffer (pH 7) 

(A) and acetonitrile (B) with a linear gradient from 5% B to 95% B over 15 minutes. 

Radiochemical purities were ≥ 95% for 111In and 177Lu radiolabeled Folate-DOTA conjugates. 

4.3.5 Cell Binding Studies  

Fluorescence-based binding curves were measured as follows. 200,000 KB cells were 

aliquoted into individual Eppendorf tubes suspended in staining buffer. The cells were incubated 

with increasing concentrations of OTL38 or S0456-MVK(Folate)-OH in the absence or presence 

of 100x excess of folate-glucosamine for one hour at 4°C. The cells were washed 3x with PBS to 

remove unbound fluorescence, then analyzed using channel RL3 on the Attune NxT Acoustic 

Focusing Flow Cytometer of The Chemical Genomics Facility at the Purdue Institute for Drug 

Discovery. Radioactive-based binding curves were measured as follows. 200,000 KB cells were 

seeded into 24-well amine coated plates and allowed to adhere overnight. Once the cells reached 

confluency, they were incubated with increasing concentrations of 111In-DOTA-MVK(EB-

Folate)-OH in the absence or presence of 100x excess of folate-glucosamine for one hour at room 

temperature. After incubation, the cells were washed 3x with PBS to remove unbound radioactivity 

and dissolved in 1.0 M NaOH. The samples were transferred to tubes and the cell-bound 

radioactivity was measured using a gamma counter. A specific binding constant was calculated 

using one-site specific nonlinear fit. 

4.3.6 Animal Husbandry 

12-week-old female ND4 swiss webster mice and 12-week-old female athymic nu/nu mice 

were purchased from Envigo. All mice were given access to a folate-deficient diet and water ad 

libitum. The mice were housed on a standard 12-hour light-dark cycle. All animal procedures were 

approved by the Purdue Animal Care and Use Committee.   
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4.3.7 Tumor Models 

Nu/nu mice were inoculated on their shoulder with 5 x 106 MDA-MB-231 or KB cells in 

sterile PBS. MDA-MB-231 tumors were grown to 500-1000 mm3 for imaging. KB tumors were 

grown to ~200 mm3 for therapy. 

4.3.8 NIR Imaging 

Fluorescence imaging and biodistribution was performed with a Caliper IVIS Luminal II. 

MDA-MB-231 tumors were allowed to grow to approximately 1 cm3 before conducting NIR dye 

scans. Each mouse was injected intravenously via tail vein with up to 5 nmol of S0456-

MVK(Folate)-OH in the absence or presence of 100x excess of folate-glucosamine. Mice (n=1–2 

per group) were anesthetized with 3% isoflurane in oxygen and whole-body images were taken at 

multiple time points. When kidney fluorescence was no longer detectable, the mice were 

euthanized by CO2 asphyxiation and organs of interested were harvested for biodistribution images. 

Imaging acquisition parameters were: Lamp Level = high; Excitation = 745 nm; Emission = 810 

nm; Binning (M) = 4M; F-stop = 4; FOV = 12.5; Acquisition time ≤ 5 seconds.  

4.3.9 SPECT/CT scans 

Radioactive scans were performed with a VECTor/CT system with a clustered multi-pinhole 

high-energy collimator (MILabs, Utrecht, The Netherlands) of the Bindley Bioscience Center of 

Purdue University. MDA-MB-231 tumors were allowed to grow to approximately 1 cm3 before 

conducting SPECT/CT scans. Each mouse was injected intravenously via tail vein with up to 5 

nmol 111In-DOTA-MVK(EB-Folate)-OH in the absence or presence of 100x excess of folate-

glucosamine. Mice (n=1 per group) were anesthetized with 3% isoflurane in oxygen and whole-

body scans were performed at multiple time points. The emission scan was conducted for 15-60 

min. The CT scans were acquired with an X-ray source set at 60 kV and 615 μA. The SPECT 

images were reconstructed with U-SPECT II software and 111In γ-energy windows of 171 and 241 

keV. A POS-EM algorithm was used with 16 subsets and 4 iterations on a 0.8 mm voxel grid. The 

CT images were reconstructed using NRecon software. The datasets were fused and filtered using 

PMOD software (version 3.2). 
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4.3.10 Radiotherapy 

KB tumors were grown to approximately 300 mm3 (n = 5 per group). Mice were randomly 

sorted into control or treatment groups prior to the initiation of the therapy studies. Mice received 

a single intravenous dose of sterile saline or 5 nmol of radiofolate labeled with 18 MBq of lutetium-

177 via the tail vein on day 0. Tumors were measured in two perpendicular directions every other 

day during therapy, and their volumes were calculated as 0.5 x L x W2, where L is the longest axis 

(in millimeters), and W is the axis perpendicular to L (in millimeters). Humane endpoint criteria 

were defined as weight loss of more than 20% of the initial body weight, a tumor volume of more 

than 1,800 mm3, or open ulceration. Mice were euthanized on reaching one of the predefined 

endpoint criteria.  

4.3.11 Statistical Analysis 

Data were analyzed using on GraphPad Prism 8 unless otherwise stated. Results are shown 

as mean ± SE. 

4.4 Results 

4.4.1 Synthesis of Folate-Targeted NIR Conjugate with BBM-Cleavable Linkers 

After reviewing different BBM-cleavable linkers as reported in the literature, we selected 

the methionine-valine-lysine (MVK) sequence. Scheme 4.1 depicts the solid-phase synthesis of a 

folate conjugate with a thiol and BBM-cleavable linker. The targeting molecule folate was 

conjugated to the side chain of lysine, following similar constructs previously reported.38 The 

amine of methionine was derivatized for coupling to the NIR dye, also mirroring the overall design 

of other BBM-cleavable conjugates.30, 34, 39 S0456-maleimide synthesis and coupling to the thiol-

bearing folate-BBM conjugate was performed as shown in Scheme 4.2, similar to previous 

reports.40, 41 Successful synthesis of the final conjugate was confirmed by LC/MS as shown in 

Supplemental Figure S4.1.  
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Scheme 4.1. Synthesis of Folate-BBM precursor for NIR coupling. Reagents and conditions: a) 
2-Chlorotrityl resin, DIPEA, DCM, rt, 2h; b) i. 20% piperidine DMF, Ar, 20 min (x3); ii. Fmoc-

Val-OH, HATU, DIPEA, DMF, Ar, 3h (x2); iii. 20% piperidine DMF, Ar, 20 min (x3); iv. 
Fmoc-Met-OH, HATU, DIPEA, DMF, Ar, 3h (x2); c) i. 20% piperidine DMF, Ar, 20 min (x3); 

ii. 3-(Tritylthio)propanoic acid, HATU, DIPEA, DMF, Ar, 3h; d) Pd(PPh3)4, phenylsilane, DCM, 
Ar, 1h; e) Fmoc-Glu-OtBu, HATU, DIPEA, DMF, Ar, 3h; f) i. 20% piperidine DMF, Ar, 20 min 

(x3); ii. N10-TFA-Pteoric acid, HATU, DIPEA, DMF; g) i. 50% NH4OH DMF, Ar; ii. TCEP, 
95/2.5/2.5 TFA/TIPS/H2O, 1h.  
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Scheme 4.2. Synthesis of S0456-MVK(Folate)-OH. Reagents and conditions: a) Cl-S0456, 

CsCO3, DMSO, rt, 4h; b) i. TFA, rt, 1h; ii. N-Succinimidyl 3-maleimidopropionate, DIPEA, 
DMSO, rt, 4h; c) SH-MVK(Folate)-OH, DMSO, Ar, rt, 4h. 

4.4.2 In vitro validation of FR targeting by S0456-MVK(Folate)-OH 

The novel S0456-MVK(Folate)-OH was first compared to the folate-S0456 conjugate 

OTL38 in vitro by performing a FACS-based binding study using KB cells cultured in folate-

deficient media. We determined a binding affinity of 6.7 nM for OTL38 and 16.0 nM for S0456-

MVK(Folate)-OH as shown in Figure 4.1. Separate KB cell samples incubated with 50 nM of 

either folate-NIR conjugate and a 100x excess of folate-glucosamine both showed complete 

abolishment of conjugate binding, as shown in Supplementary Figure S4.2, demonstrating that the 

binding of both conjugates is receptor-mediated. 
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Figure 4.1. Binding of Folate-S0456 conjugates to KB cells by FACS analysis. These studies 

were conducted in parallel.  
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4.4.3 In vivo evaluation of S0456-MVK(Folate)-OH Renal Clearance and Tumor Targeting 

 Once we established the functionality of the folate in our novel targeting molecule, we next 

assessed the renal clearance facilitated by the BBM-labile linker. We injected healthy ND4 Swiss 

Webster mice housed on folate-deficient diet for several weeks with either OTL38 or S0456-

MVK(Folate)-OH intravenously via tail vein injection (n = 2). The lower backs of the mice were 

shaved to improve visualization of the fluorescence signal. At various time points, mice were 

anesthetized so whole-body scans could be taken to compare renal NIR fluorescence. Within 1-

hour post-injection, a significant difference in renal fluorescence could be observed between 

OTL38 and S0456-MVK(Folate)-OH. By 6 hours post-injection, heavy-exposure scans could not 

detect any renal fluorescence in the mice injected with S0456-MVK(Folate)-OH. After 24 hours, 

the mice were sacrificed for additional biodistribution scans. While OTL38 was still highly 

retained in the kidneys, S0456-MVK(Folate)-OH was no longer detectable. All scans are shown 

in Figure 4.2 
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Figure 4.2. Renal clearance of folate-S0456 conjugates from healthy mice (n = 2). A drastic 
difference in renal fluorescence could be observed within the first hour post-injection. More 
sensitive scans could no longer detect fluorescence in whole-body scans by six hours post-

injection. Biodistribution images show no detectable fluorescence in the kidneys of mice injected 
with the S0456-MVK(Folate)-OH conjugate by 24 hours p.i., whereas OTL38 was still highly 

retained. Organs in biodistribution shown from top to bottom: Heart, lungs, liver, spleen, 
kidneys. 
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 Encouraged by the rapid renal clearance of S0456-MVK(Folate)-OH compared to OTL38, 

we next investigated the tumor uptake and retention. We used athymic nu/nu mice bearing MDA-

MB-231 tumors as our model. After housing these mice on folate-deficient diet for several weeks, 

we injected these mice with either OTL38 or S0456-MVK(Folate)-OH in the absence or presence 

of 100x excess of folate-glucosamine (n = 1–2). At various time points, the mice were anesthetized 

so whole-body scans could be taken to compare renal NIR fluorescence. Within 1-hour post-

injection, a significant difference in fluorescent tumor-to-kidney ratio could be observed between 

OTL38 and S0456-MVK(Folate)-OH. Competition mice lacked tumor fluorescence, thus 

demonstrating that tumor uptake by S0456-MVK(Folate)-OH is receptor mediated. After 24 hours, 

the mice were sacrificed for additional biodistribution scans. Small, kidney-sized tumor sections 

were used for comparison to kidney fluorescence. While OTL38 still showed significant kidney 

retention, S0456-MVK(Folate)-OH was barely detectable in the kidneys.  All scans are shown in 

Figure 4.3. 
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Figure 4.3. Tumor targeting of folate-S0456 in MDA-MB-231 tumor-bearing mice (n = 1–2). An 

improved tumor-to-kidney ratio can be observed within the first hour for the folate-S0456 
conjugate with the BBM-labile linker. Competition mice received an injection of S0456-

MVK(Folate)-OH with 100x excess of folate-glucosamine, which blocked tumor fluorescence, 
demonstrating active receptor targeting. Organs in biodistribution shown from top to bottom: 

Tumor, heart, lungs, liver, spleen, kidneys. 
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4.4.4 Synthesis of DOTA-MVK(AB-Folate) Conjugates with Several Albumin-Binders 

Satisfied with our preliminary findings that folate conjugate payloads could be cleared 

rapidly from tumors using BBM-cleavable linkers, we next sought to adapt this technology to 

radiotheranostics. The synthesis shown in Scheme 4.3 closely parallels that which we employed 

previously, with the notable exception of an inclusion of a cysteine residue on the lysine side chain 

before the synthesis of folate. The thiol would be exploited for coupling to one of several albumin-

binders (ABs) conjugated to a maleimide, as shown in Schemes 4.4–4.5. Successful synthesis of 

the final conjugates was confirmed by LC/MS as shown in Supplementary Figure S.4.1.  

  



143 

 
Scheme 4.3. Synthesis of Folate-BBM-DOTA precursor for AB coupling. Reagents and 

conditions: a) 2-Chlorotrityl resin, DIPEA, DCM, rt, 2h; b) i. 20% piperidine DMF, Ar, 20 min 
(x3); ii. Fmoc-Val-OH, HATU, DIPEA, DMF, Ar, 3h (x2); iii. 20% piperidine DMF, Ar, 20 min 
(x3); iv. Fmoc-Met-OH, HATU, DIPEA, DMF, Ar, 3h (x2); c) i. 20% piperidine DMF, Ar, 20 
min (x3); ii. DOTA-tris (t-Bu ester), HATU, DIPEA, DMF, Ar, 3h; d) Pd(PPh3)4, phenylsilane, 
DCM, Ar, 1h; e) i. Fmoc-Cys-OH, HATU, DIPEA, DMF, Ar, 3h (x2); ii. 20% piperidine DMF, 
Ar, 20 min (x3); iii. Fmoc-Glu-OtBu, HATU, DIPEA, DMF, Ar, 3h; f) i. 20% piperidine DMF, 
Ar, 20 min (x3); ii. N10-TFA-Pteoric acid, HATU, DIPEA, DMF; g) i. 50% NH4OH DMF, Ar; 

ii. TCEP, 95/2.5/2.5 TFA/TIPS/H2O, 1h. 
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Scheme 4.4. Synthesis of DOTA-MVK(EB-Folate)-OH. Reagents and conditions: a) Tolidine, 
HATU, DIPEA, DMF, overnight; b) i. HCl, NaNO2, ACN, H2O, 0°C, 30 min; ii. 1-amino-8-
naphthol-2,4-disulfonic acid, NaHCO3, H2O, 0°C-rt, 1.5h; c) DOTA-MVK(Cys-Folate)-OH, 

DMSO, Ar, rt, 4h. 

 
Scheme 4.5. Synthesis of DOTA-MVK(IP-Folate)-OH. Reagents and conditions: a) 4-

iodophenyl-butyric acid, HATU, DIPEA, DMF, rt, 3h; b) DOTA-MVK(Cys-Folate)-OH, 
DMSO, Ar, rt, 4h. 

OH

O

N

O

O
a

HN NH2

ON

O

O

OH NH2
SO3H

SO3H

HN N
N

ON

O

O

b

c

H
N

O

S

O
N
H

H
N

H
N

O

OH

O
N
H

HO O O

N
H

N

N

N

N

OH

NH2

NH

S

O

NN

NN
COOHHOOC

HOOC

O

DOTA-MVK(EB-Folate)-OH

O ON
O

N
NHN SO3H

SO3HH2N
HO

NH2
O

O

a
N
HO

O
O

I
b

HN
O

S

O
N
H

H
N

H
N

O

OH

O
N
H

HO O O

N
H

N

N

N

N

OH

NH2

NH

S

O

NN

NN
COOHHOOC

HOOC

O

I

HN

O

N OO

DOTA-MVK(IP-Folate)-OH



145 

4.4.5 In vitro validation of FR targeting by DOTA-MVK(AB-Folate)-OH conjugates 

We first sought to validate the functionality of our DOTA-MVK(AB-Folate)-OH 

conjugates through several in vitro assays. First, we incubated each conjugate with natural indium 

or lutetium then submitted samples to LC/MS for mass verification of DOTA chelation. The results 

of these tests are provided in Supplementary Figure S4.3. The folate targeting was next assessed 

by labeling each conjugate with indium-111 then performing binding studies with KB cells in the 

absence or presence of 100x excess of folate-glucosamine. DOTA-MVK(EB-Folate)-OH 

demonstrated a binding affinity of 7.6 nM, and DOTA-MVK(IP-Folate)-OH demonstrated a 

binding affinity of 14.0 nM. The binding of both conjugates to FR was blockaded by the incubation 

of folate-glucosamine, illustrating the active receptor-targeting of our conjugates. The results of 

these binding studies are reported in Figure 4.4. The radiopurities of these conjugates are provided 

in Supplementary Figure S4.4. 
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Figure 4.4. Binding of DOTA-MVK(AB-Folate)-OH conjugates radiolabeled with indium-111 to 

KB cells, measured by gamma counter. These studies were conducted in parallel. All samples 
were performed in triplicate. 
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4.4.6 In vivo evaluation of Renal Clearance and Tumor Targeting of DOTA-MVK(AB-
Folate)-OH conjugates 

Once we were vetted the folate-targeting of our DOTA-MVK(AB-Folate)-OH conjugates, 

we next evaluated their renal clearance in healthy mice. We injected healthy ND4 Swiss Webster 

mice, housed on folate-deficient diet for several weeks, with either 111In-DOTA-MVK(EB-

Folate)-OH or 111In-DOTA-MVK(IP-Folate)-OH intravenously via tail vein injection (n = 1). At 

various time points, mice were anesthetized so whole-body SPECT/CT scans could be taken to 

compare radioactive renal retention. Both conjugates showed relatively comparable amounts of 

radioactivity for the first 24 hours, after which the 111In-DOTA-MVK(IP-Folate)-OH appeared to 

clear from the kidneys, while the 111In-DOTA-MVK(EB-Folate)-OH only saw modest renal 

clearance by 96 hours. Surprisingly however, 111In-DOTA-MVK(IP-Folate)-OH showed low 

levels of liver uptake, unlike 111In-DOTA-MVK(EB-Folate)-OH which was limited exclusively to 

the kidneys. All scans are shown in Figure 4.5  
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Figure 4.5. SPECT/CT of 111In-DOTA-MVK(AB-Folate)-OH conjugates in healthy mice (n = 1). 

While 111In-DOTA-MVK(IP-Folate)-OH demonstrated faster clearance than 111In-DOTA-
MVK(EB-Folate)-OH, 111In-DOTA-MVK(IP-Folate)-OH also demonstrated low hepatic uptake. 

Yellow arrows indicate kidneys. 

 We were encouraged by the significant reduction in kidney retention of the DOTA-

MVK(IP-Folate)-OH conjugate within 48–72 hours. Puzzled by lack of kidney clearance 

demonstrated by the DOTA-MVK(EB-Folate)-OH conjugate, we next sought to ascertain if there 

was a significant difference in tumor-to-kidney ratio with the DOTA-MVK(EB-Folate)-OH. We 

injected the Evans Blue conjugate radiolabeled with indium-111 into an athymic nu/nu mouse 

bearing an MDA-MB-231 previously housed on a folate-deficient diet for several weeks. At 

various time points, the mouse was anesthetized so SPECT/CT scans could be taken to compare 
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tumor vs. kidney retention. All scans are shown in Figure 4.6. A favorable tumor-to-kidney ratio 

can be visualized within 12 hours post injection. 

 
Figure 4.6. SPECT/CT scans of 111In-DOTA-MVK(EB-Folate)-OH in MDA-MB-231 tumor-

bearing mouse (n = 1). The conjugate demonstrated long-term tumor retention out to 8 days, as 
well as a rapid reduction of radioactivity in the kidneys within 12 hours, leading to a favorable 

tumor-to-kidney ratio. White arrows indicate tumor. Yellow arrows indicate kidneys. 

4.4.7 Radiotherapy of 177Lu-DOTA-MVK(AB-Folate)-OH conjugates in KB tumor-
bearing mice 

Mice were implanted with KB tumors, which were grown to approximately 300 mm3 

before initiation of the radiotherapy. Mice were intravenously injected with either PBS, or DOTA-

MVK(EB-Folate)-OH or DOTA(IP-Folate)-OH radiolabeled with 18 MBq of lutetium-177 on day 

0. The radiopurities are indicated in Supplementary Figure S4.5 Tumor sizes and body weights 

were measured every other day and are provided in Figure 4.7. The therapeutic effects of both 

conjugates are comparable, and show significant suppression of tumor growth relative to the 

controls. However, while the mice injected with the iodophenyl conjugate showed little weight 

loss and fast recovery, the mice injected with the Evans Blue conjugate showed significant weight 

loss and slow recovery. 
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Figure 4.7. Radiotherapy of KB tumor with 177Lu-MVK(AB-Folate)-OH conjugates. Mice (n = 5 

per group) bearing KB tumors were injected with 5 nmol of 177Lu-MVK(EB-Folate)-OH or 
177Lu-MVK(IP-Folate)-OH radiolabeled with 18 MBq of lutetium-177 on day 0. 

SPECT/CT scans were also taken of one mouse from each radioactive group daily during the first 

week to evaluate relative tumor-to-kidney ratios, which are provided in Figure 4.8. The iodophenyl 

conjugate shows a favorable tumor-to-kidney ratio by 72 hours post injection. The Evans Blue 

conjugate shows a comparable amount of radioactivity in the tumor and kidneys only by 120 hours 

post injection and does not show a favorable tumor-to-kidney ratio until 168 hours post injection. 

Pictures of the tumors were also taken on a weekly basis for the first 3 weeks, which are provided 

in Supplementary Figure S4.6. 
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Figure 4.8. SPECT/CT scans of 177Lu-DOTA-MVK(AB-Folate)-OH conjugates in KB tumor-

bearing mice at therapeutic doses (n = 1). White arrows indicate tumors. Yellow arrows indicate 
kidneys. 
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4.5 Discussion 

Due to the high uptake and sustained retention of folate conjugates, we thought it prudent to 

select a BBM sequence that would be cleaved as rapidly as possible. When comparing the kinetics 

of different BBM sequences published in the literature, the methionine-valine-lysine (MVK) 

sequence demonstrated the fastest kidney clearance.25-31 This is likely because the MVK sequence 

is preferentially cleaved by multiple BBM enzymes, specifically by neutral endopeptidase (NEP) 

at the C-terminal lysine and by Carboxypeptidase M (CPM) at the methionine-valine amide bond. 

Furthermore, the effectiveness of the MVK sequence is well-elucidated, having been reported to 

improve the tumor-to-kidney ratio for small molecules by other labs.32, 34 

We first determined to investigate the hypothesis of BBM-cleavable linker facilitated renal 

clearance in the context of folate conjugates with a fluorescence reporter. We assembled a folate-

S0456 conjugate with the MVK sequence using solid-phase synthesis (SPPS) first, then finishing 

with solution phase chemistry. Our fluorescence whole-body and biodistribution studies in healthy 

mice served as a useful proof-of-concept before proceeding to more expensive and time-intensive 

radioactive studies (see Fig. 4.2). Similar studies in tumor-bearing mice further demonstrated that 

the tumor-to-kidney ratio was improved relative to a folate-dye conjugate lacking a BBM cleavable 

linker, indicating that folate-targeting of tumor cells was relatively unaffected (see Fig. 4.3). We 

briefly explored a longer linker with a combination of BBM-cleavable sequences from different 

papers (see Supplemental Figure S4.7). While the kidney clearance was not significantly 

accelerated compared to the MVK sequence used throughout these studies, it should be noted that 

this longer sequence lacked a C-terminal lysine, which likely eliminated one key cleavage site in 

the linker. 

We selected Evans Blue and iodophenyl as two albumin-binder candidates for our folate-

targeted radiotherapeutic studies because they have two of the longest reported half-lives in 

radiotheranostics.20, 37, 42-44 While the Evans Blue albumin-binder has shown to be the best at 

improving tumor internalization, retention, and ultimately radiotherapy, it has also shown to 

significantly increase renal uptake and retention compared to the iodophenyl albumin-binder.35 

Whether the BBM-cleavable linker could counteract the effects of Evans Blue albumin-binder was 

uncertain and could only be determined experimentally. 

The DOTA-MVK(IP-Folate)-OH conjugate showed significant clearance from the kidneys 

by 48–72 hours in healthy mice, which is a marked improvement over the reported renal retention 
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of similar radiofolates.20, 21  While the DOTA-MVK(EB-Folate)-OH conjugate appeared to be 

retained in the kidneys for at least 96 hours with minimal reduction in a healthy mouse, the tumor-

to-kidney ratio in an MDA-MB-231 tumor-bearing mouse appeared significantly improved in as 

little as 12 hours. Based on these results, we moved forward to radiotherapy with both conjugates. 

Both treatment groups showed a similar repression of tumor growth compared to the control group, 

suggesting the tumor uptake and retention was similar regardless of the albumin-binder (see Fig. 

4.7). However, the 177Lu-DOTA-MVK(IP-Folate)-OH treated group showed minor body weight 

loss relative to the control, while the 177Lu-DOTA-MVK(EB-Folate)-OH treated group showed 

significant and prolonged weight loss. This suggests that the kidney clearance was largely impeded 

by the Evans Blue albumin-binder despite the incorporation of a BBM-cleavable linker. The 

SPECT/CT scans of radiotherapy mice (see Fig. 4.8) showed a significant improvement in the 

expected tumor-to-kidney ratio of the iodophenyl conjugate by 72 hours, which is reflected in the 

recovery of the body weight after day 4. Meanwhile, the SPECT/CT scans of the Evans Blue 

conjugate did not show improvement in the expected tumor-to-kidney ratio until 168 hours, which 

is also reflected in the recovery of the body weight after only day 8. The discrepancy between the 

SPECT/CT scans for the Evans Blue conjugate in the MDA-MB-231 tumor versus the KB tumor 

is unclear. It is possible that the KB tumor, intended for therapy and thus was small, could not 

absorb as much of the injected conjugate as the MDA-MB-231 tumor, which was much larger as 

it was intended strictly for imaging. 

Wilde et. al reported that albumin-Evans Blue complexes are absorbed from the glomerular 

filtrate by pinocytosis into the cells of the renal proximal tubes.45 Because BBM enzymes are found 

on the surface of renal cells, the internalization of albumin-Evans Blue complexes likely denies 

access to the BBM conjugate and subsequent cleavage of the radioactive payload from the 

targeting ligand. It is possible that the administration of an amino acid solution could help mitigate 

the internalization of Evans Blue conjugates into renal cells.46-49 Ultimately however, the 

iodophenyl conjugate appears to be the superior conjugate due to the comparable tumor retention 

and radiotherapeutic efficacy as the Evans Blue conjugate, but without the prolonged kidney 

retention or toxic effects. 
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4.6 Conclusion 

In this study, we demonstrated the first proof-of-concept that BBM enzymes could be 

exploited to facilitate rapid renal clearance of payloads from folate conjugates. The synthetic 

inclusion of such linkers is readily adaptable to standard folate synthesis protocols. Furthermore, 

we synthesized the first quadri-functional radioligand, comprised of a folate targeting ligand, a 

bifunctional chelator for radioactive payloads, an albumin-binder for increased tumor uptake, and 

a BBM cleavable linker for rapid renal clearance. We then evaluated the radioimaging and 

radiotherapy results with this quadri-functional radiofolate using either the Evans Blue or 

iodophenyl albumin-binder. The results of this study could promise the possibility of fluorescence-

guided surgical resection of renal carcinomas, improved radioimaging of tumors near the kidneys, 

and the potential for folate-targeted radiotherapeutics. 
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4.8 Appendix C. Supplemental Information 

Additional data further validating our findings are provided below. 

 
Supplementary Figure S4.1 LC/MS Analyses of Payload-MVK(Folate)-OH Conjugates.  
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Supplementary Figure S4.2. Competition of Folate-S0456 conjugates on flow cytometry. 50 nM 
of either OTL38 or S0456-MVK(Folate)-OH was incubated with KB cells in the absence (dark 

red histogram) or presence of 100x of folate-glucosamine (bright red histogram).  
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Supplementary Figure S4.3. LC/MS Analyses of DOTA-MVK(AB-Folate)OH Conjugate Cold 

Chelations. 
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Supplementary Figure S4.4. Representative radiochromatograms of DOTA-MVK(Folate)-OH 

radiolabeled with indium-111.  

  



163 

 

Supplementary Figure S4.5. Representative radiochromatograms of DOTA-MVK(Folate)-OH 
radiolabeled with lutetium-177.  
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Supplementary Figure S4.6. Pictures of KB tumors throughout radiotherapy study with 177Lu-

MVK(IP-Folate)-OH or 177Lu-MVK(EB-Folate)-OH.  
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Supplementary Figure S4.7. Parallel studies done with a combination of BBM-enzyme cleavable 
sequences within the linker. Organs in biodistribution shown from top to bottom: (Tumor) heart, 

lungs, liver, spleen, kidneys. 
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