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Abstract

The development of immunoconjugates requires a careful balance between preserving the 

functionality of the antibody and modifying the immunoglobulin with the desired cargo. Herein, 

we describe the synthesis, development, in vivo evaluation of a novel bifunctional dendrimeric 

scaffold and its application in pretargeted PET imaging. The site-specific modification of the 

huA33 antibody with this dendrimeric scaffold yields an immunoconjugate —sshuA33-DENTCO 

— decorated with ~8 trans-cyclooctene (TCO) moieties, a marked increase compared to the ~2 

TCO/mAb of a non-dendrimeric control immunoconjugate (sshuA33-PEG12-TCO). Pretargeted 

PET imaging and biodistribution experiments were used to compare the in vivo performance of 

these two immunoconjugates in athymic nude mice bearing subcutaneous SW1222 human 

colorectal cancer xenografts. To this end, the mice were administered 100 μg of each 

immunoconjugate followed 120 h later by the injection of a tetrazine-bearing radioligand, 

[64Cu]Cu-SarAr-Tz. Pretargeting with sshuA33-DEN-TCO produced excellent tumoral uptake at 

24 h (8.9 ± 1.9 %ID/g), more than double that created by sshuA33-PEG12-TCO (4.1 ± 1.3 %ID/g). 

Critically — and somewhat surprisingly — the attachment of the G0.5 dendrimeric structures did 

not hamper the in vivo behavior of the immunoconjugate, suggesting that this versatile 

bifunctional scaffold may have applications beyond pretargeting.
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INTRODUCTION

Over the past three decades, the ability of antibodies to selectivity and specifically deliver 

cargoes such as toxins, fluorophores, or radionuclides to sites of disease has fueled the 

advent of immunoconjugates in both the laboratory and the clinic. The construction of an 

immunoconjugate often requires a delicate balancing act between functionalizing the 

antibody with enough cargo molecules to facilitate the in vivo purpose of the final construct 

but not so many that the immunoreactivity or pharmacokinetic profile of the antibody suffer.
1 In this sense, for a given antibody, each bioconjugation reaction is a double-edged sword 

that simultaneously offers the reward of a more potent immunoconjugate but also the risk of 

a biochemically diminished vector. This is particularly true of immunoconjugates for in vivo 
pretargeting.

In vivo pretargeting is an approach to nuclear imaging and therapy that seeks to harness the 

tumor targeting properties of antibodies while skirting their pharmacokinetic limitations.2, 3 

To this end, in vivo pretargeting is predicated on decoupling the antibody and the 

radionuclide, injecting them separately, and allowing them to combine within the body. Our 

laboratory and others have previously developed an effective strategy for in vivo pretargeted 

PET imaging and therapy based on the rapid and bioorthogonal inverse electron demand 

Diels-Alder (IEDDA) ligation between a trans-cyclooctene-modified antibody (mAb-TCO) 

and a tetrazine (Tz)-bearing radioligand.4–9 In pretargeted PET, the mAb-TCO construct is 

administered first and allowed time — typically one to five days — to accumulate at the 

tumor site and clear from the blood. Subsequently, the radiolabeled tetrazine is injected, 

whereupon it either clicks with the TCO-bearing immunoconjugate at the tumor or rapidly 

clears from the body (Figure 1). In this way, in vivo pretargeting enables the use of 

radionuclides that are normally incompatible with antibody-based vectors (e.g. 18F, 68Ga, 
11C, and 64Cu), thereby facilitating imaging soon after the administration of the radiotracer 

and dramatically reducing radiation doses to healthy tissues compared to traditional 

immunoPET.10–13

We have recently used a chemoenzymatic bioconjugation strategy developed in our 

laboratory to create a site-specifically modified mAb-TCO immunoconjugate in which TCO 

moieties are attached to the heavy chain glycans.14 While this construct proved effective for 

pretargeted PET, the modification method only allowed for the attachment of 2 TCOs per 

antibody due to steric hindrance within the Fc domain. It stands to reason that increasing the 

number TCOs on each antibody could increase the efficiency of the in vivo ligation — and 

thus uptake in the tumor — by providing more “click partners” for the Tz-bearing 

radioligand. Furthermore, it has been reported that TCOs can isomerize (albeit slowly) to 

inactive ciscyclooctenes in vivo, effectively reducing the number of reactive sites for the 
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radioligand.7, 8 In light of this, increasing the number of TCOs per antibody could improve 

the odds of reactive isomers remaining intact following longer pretargeting intervals. This 

line of thought returns us to the balancing act that we discussed earlier: how we can 

maximize the number of TCOs while simultaneously limiting the number of bioconjugation 

sites? During a careful reading of the literature, one solution in particular jumped out: 

disulfide-core poly(amidoamine) (PAMAM) dendrimers.

Disulfide-core PAMAM dendrimers have previously been explored as platforms for the 

bioconjugation of drugs, radionuclides, and fluorophores to immunoglobulins.15–17 While 

the loading capacity of these constructs is impressive, most — if not all — dendrimer-

bearing immunoconjugates have been plagued by poor in vivo behavior, producing higher 

uptake in the liver and spleen and lower accumulation in the tumor than traditional 

immunoconjugates.17–19 It is likely that these constructs underperformed because the 

dendrimers interfered with the ability of the antibodies to specifically and selectively bind to 

their molecular targets.18, 20, 21 Nonetheless, this work provides an exciting glimpse into the 

potential of this approach should these limitations be overcome. Herein, we report the 

synthesis and development of a novel TCO-bearing scaffold based on a disulfide-core 

PAMAM dendrimer as well as the use of this construct to improve the performance of 

pretargeted PET imaging.

RESULTS AND DISCUSSION

Design

The vast majority of IEDDA-based pretargeting systems are composed of two essential 

elements: a TCO-bearing immunoconjugate and a Tz-based radioligand. In this 

investigation, we chose to employ the huA33 antibody and the [64Cu]Cu-SarAr-Tz 

radioligand. The former is a humanized IgG1 that targets the A33 antigen, a transmembrane 

glycoprotein expressed by >95% of colorectal carcinomas.22 The latter has previously been 

demonstrated to exhibit rapid renal excretion as well as a favorable pharmacokinetic profile.
6 Critically, upon binding its target, huA33 remains persistent on the outside of cells, thereby 

facilitating the click reaction between its TCO cargo and a Tz-bearing radioligand.22

The final piece of the puzzle — the TCO-bearing dendrimer — will be discussed shortly. 

However, one last design consideration should be addressed: bioconjugation. In order to 

prevent the TCO-bearing dendrimer from interfering with the antibody’s ability to bind its 

target, we have decided to employ a chemoenzymatic approach to bioconjugation developed 

in our laboratory (Figure 2).14 In this approach, the antibody is first treated with EndoS, an 

endoglycosidase that hydrolyzes the chitobiose core of the asparagine-linked heavy chain 

glycans. Subsequently, the immunoconjugate is treated with a promiscuous 

galactosyltransferase — Gal-T(Y289L) — and an azide-modified monosaccharide — N-

azidoacetylgalactosamine (GalNAz) — in order to incorporate azides into the residual 

glycan chains. The azide-bearing antibody can then be modified easily using 

dibenzocyclooctyne (DBCO)-bearing substrates via the strain-promoted azide-alkyne 

cycloaddition (SPAAC).23, 24
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Construction of the TCO-Bearing Dendrimer

Disulfide-core PAMAM dendrimers provide a versatile, commercially-available, and 

hydrophilic synthetic scaffold. They can be modified on the NH2-bearing ‘branches’ using 

amine-reactive reagents and — after reduction — on the sulfhydryl-containing ‘core’ with 

thiol-reactive moieties. In this case, we set out to modify the former with TCOs and the 

latter with a PEG4-containing variant of DBCO for SPAAC. The synthesis of the TCO-

bearing dendrimer was performed in three steps with an overall yield of 33% (Figure 3). The 

G1 starting material was first reduced using tris(2-carboxyethyl)phosphine (TCEP) for 1 h at 

25 °C. Without purification, DBCO-PEG4-maleimide was added in molar excess, and the 

reaction mixture was incubated at 25 °C for 24 h to produce G0.5-PAMAM-PEG4-DBCO or, 

more simply, DBCODEN-NH2. Following chromatographic purification, DBCO-DEN-NH2 

was incubated under basic conditions with a vast molar excess of TCO-NHS at 25 °C for 48 

h. The final product — DBCO-DEN-TCO — was purified via reversed phase C18 HPLC. 

Characterization by high resolution mass spectrometry revealed that the maleimide linkage 

underwent hydrolysis; however it has been demonstrated in the literature that this affects 

neither the linkage nor the utility of the molecule.25

Bioconjugation

As we noted above, a chemoenzymatic strategy was used to site-specifically attach the TCO-

bearing dendrimers to huA33 (Figure 2). To this end, huA33 was first treated with EndoS 

and then GalT(Y289L)/GalNAz in order to incorporate azides into the heavy chain glycans 

of the antibody, ultimately producing sshuA33-N3. DBCO-DEN-TCO was then conjugated 

to sshuA33-N3 via overnight incubation in aqueous buffer at 25°C. The final product — 
sshuA33-DEN-TCO — was purified via size exclusion chromatography and characterized by 

MALDI-ToF, which confirmed the presence of ~2.0 DEN-TCO scaffolds per mAb. This, of 

course, means that each sshuA33-DEN-TCO construct boasts ~8.0 TCO/mAb. The 

specificity of the bioconjugation was validated via SDS-PAGE, which clearly displayed a 

positive shift in the mass of the heavy chain but no shift in the mass of the light chain 

(Figure S2). As a control construct, sshuA33-DEN-NH2 was synthesized in a similar manner 

using DBCO-DEN-NH2. In this case, MALDI-ToF likewise confirmed a degree of labeling 

of ~2 DEN-NH2/mAb.

The site-specifically labeled, TCO-bearing huA33 immunoconjugate that we have 

previously published, sshuA33-PEG12-TCO, was chosen as a ‘dendrimer-lacking’ control 

immunoconjugate for the investigation.26 The synthesis of this construct — which differs 

slightly from that of sshuA33-DEN-TCO — has been reported (Figure S1). Briefly, huA33 

was first treated with β−1,4-galactosidase and then GalT(Y289L)/GalNAz in order to 

incorporate azides into the heavy chain glycans of the antibody. Unlike EndoS, β−1,4-

galactosidase cleaves only the final galactose residues of the biantennary glycans, meaning 

this method facilitates the incorporation a total of four azides into the glycans. DBCO-

PEG12-TCO was then conjugated to the azide-modified antibody, creating the finished 

product: sshuA33-PEG12-TCO. Despite the presence of four azides, MALDI-ToF analysis 

revealed that sshuA33-PEG12-TCO had a degree of labeling of only ~2 TCO/mAb, likely 

due to steric hindrance within the Fc region of the antibody.
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The immunoreactivity of both sshuA33-DEN-TCO and sshuA33-PEG12-TCO were tested 

prior to in vivo studies via antigen saturation binding assays using SW1222 cells expressing 

the A33 antigen. In early assays, sshuA33-DEN-TCO displayed a high degree of non-

specific binding to the microcentrifuge tubes, though this was soon circumvented via the use 

of tubes pretreated with BSA. Ultimately, the immunoreactive fractions of sshuA33-DEN-

TCO and sshuA33-PEG12-TCO were found to be 0.92 ± 0.06 and 0.97 ± 0.01, respectively.

Pretargeted PET Imaging and Biodistribution Experiments

PET imaging and biodistribution experiments were performed to explore the efficacy of in 
vivo pretargeting with sshuA33-DEN-TCO and [64Cu]Cu-SarAr-Tz. To this end, athymic 

nude mice bearing subcutaneous SW1222 human colorectal cancer xenografts were first 

injected with either sshuA33-DEN-TCO or sshuA33-PEG12-TCO (100 μg, 0.67 nmol), 

followed 120 h later by the administration of [64Cu]Cu-SarAr-Tz (16.7 MBq; 450 μCi, 0.75 

nmol). It is important to note that we used a particularly long pretargeting interval (120 h) in 

this investigation in order to probe if this new technology could improve the performance of 

the pretargeting system using long gaps between the two injections. Static PET scans were 

performed 4 and 24 h after the injection of the radioligand (Figure 4A). Immediately after 

the second set of PET scans, the two cohorts of mice were sacrificed, and their organs were 

harvested, rinsed, dried in open air, weighed, and assayed for radioactivity on an automated 

gamma counter. The differences between the in vivo performances of the two systems are 

readily apparent in both the images and the biodistribution (Figure 4B). Most notably, 
sshuA33-DEN-TCO produces double the tumoral activity concentration of sshuA33-PEG12-

TCO: 8.9 ± 1.9 %ID/g vs. 4.1 ± 1.3 %ID/g, respectively. Background uptake is observed in 

the kidneys for both groups and can be attributed to the retention of the radioligand.(12) At 

the same time, both the blood and well-perfused organs (i.e. heart, lungs, liver) demonstrate 

noticeably higher uptake in the mice administered the dendrimer-bearing immunoconjugate. 

The higher blood values in particular — 2.0 ± 1.0% ID/g for sshuA33-DEN-TCO compared 

with 0.8 ± 0.4% ID/g for sshuA33-PEG12-TCO — led to an investigation of the serum half-

lives of the two constructs (discussed below).

Tumoral Uptake of the Immunoconjugates

The promising data obtained in the pretargeting experiments prompted a second experiment 

to measure the tumoral uptake of the immunoconjugates alone. To this end, the two 

immunoconjugates — sshuA33-DEN-TCO and sshuA33-PEG12-TCO — were non-site-

specifically labeled with the bifunctional chelator p-SCN-Bn-desferrioxamine (DFO-NCS) 

in order to facilitate radiolabeling with 89Zr. We selected 89Zr-based imaging as means to 

track the constructs in vivo for two reasons: (1) the long half-life of 89Zr (t1/2 ~ 3.3 d) 

allowed us to follow the immunoconjugates over several days and (2) we wanted the TCO 

moieties of the immunoconjugates to remain intact throughout the experiment. Athymic 

nude mice bearing SW1222 xenografted tumors (n = 5) were administered 8.5 MBq (230 

μCi, 100 μg) of either 89Zr-DFO-labeled construct — 89Zr-DFO-sshuA33-DEN-TCO or 
89Zr-DFO-sshuA33-PEG12-TCO — via tail-vein injection. At 120 h post-injection, static 

PET scans were acquired, and both cohorts were then sacrificed; subsequently, their organs 

were harvested, rinsed, dried in open air, weighed, and assayed for radioactivity on an 

automated gamma counter. Both constructs exhibited excellent tumor uptake (Figure 5), 

Cook et al. Page 5

Bioconjug Chem. Author manuscript; available in PMC 2019 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with 89Zr-DFO-sshuA33-DEN-TCO and 89Zr-DFO-sshuA33-PEG12-TCO producing activity 

concentrations of 47.9 ± 14.1% ID/g and 43.8 ± 4.1% ID/g in the tumor, respectively. While 

the mean uptake of the 89Zr-labeled dendrimer-antibody conjugate was slightly higher, the 

difference was not statistically significant (P>0.05). This result underscores that in the in 
vivo pretargeting experiments, the availability of ~8 TCOs/mAb on sshuA33-DEN-TCO 

compared to ~2 TCOs/mAb on sshuA33-PEG12-TCO is responsible for the higher uptake of 

radioligand at the tumor.

Serum Clearance Pharmacokinetics

In the pretargeting experiments, sshuA33-DEN-TCO (2.0 ± 1.0 %ID/g) produced higher 

activity concentrations in the blood than sshuA33-PEG12-TCO (0.8 ± 0.4 %ID/g). This 

suggests that the sshuA33-DEN-TCO immunoconjugate has a longer pharmacokinetic half-

life in serum than sshuA33-PEG12-TCO. This is, perhaps, not surprising in light of the 

relatively large dendrimeric scaffolds attached to the former. Nonetheless, a more thorough 

investigation was warranted. A serum half-life study was performed in an effort to explore 

the clearance of these immunoconjugates from the blood more quantitatively. To this end, 

DFO-modified variants of each construct — DFO-sshuA33-DEN-TCO or DFO-sshuA33-

PEG12-TCO — were again used to facilitate radiolabeling with 89Zr. In addition to these two 

constructs, three other huA33-based immunoconjugates were modified with DFO and 

studied as controls: native huA33, huA33 that had been deglycosylated with EndoS (huA33-

EndoS), and sshuA33-DEN-NH2. Healthy female athymic nude mice (n = 5) were 

administered 2.2 MBq of each 89Zr-DFO-labeled radioimmunoconjugate; tail-vein blood 

draws were performed at 2, 6, 24, 48, 72, 120, and 144 h post-injection; and the blood from 

each sampling was weighed and assayed for radioactivity on a gamma-counter (Figure 6). In 

addition, PET images were also obtained to visualize the in vivo behavior of each construct 

(Figure S3).

The serum half-life of 89Zr-DFO-sshuA33-DEN-TCO (t1/2 ~ 78 h) was dramatically longer 

than that of 89Zr-DFO-sshuA33-PEG12-TCO (t1/2 ~ 30 h), producing a significantly higher 

activity concentration in the blood at 144 h post-injection (P < 0.0005). Interestingly, the 

half-life of 89Zr-DFO-sshuA33-PEG12-TCO was most similar to that of native huA33, while 

the half-life of 89Zr-DFO-sshuA33-DEN-TCO was far closer to that of the EndoS-

deglycosylated antibody (Table S1). This suggests that in this case, the glycosylation state of 

the antibody has a stronger influence on the blood clearance of the antibody than the 

presence of the dendrimeric scaffold. Furthermore, 89Zr-DFO-sshuA33-DEN-NH2 exhibited 

a similar rate of clearance to 89Zr-DFO-sshuA33-DEN-TCO despite differences in the 

charge and lipophilicity of the dendrimers attached to each construct. This result hints at the 

possibility that dendrimeric scaffolds bearing a wide variety of cargoes could be attached to 

antibodies without dramatically impairing their in vivo performance, though of course more 

study in this area is needed.

CONCLUSION

In the preceding pages, we have described the synthesis, characterization, and in vivo 
application of a bifunctional, TCO-bearing dendrimeric scaffold: DBCO-DEN-TCO. A site-
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specifically modified immunoconjugate decorated with a pair of these TCO-bearing 

dendrimers — sshuA33-DEN-TCO — proved to be a highly effective platform for 

pretargeted PET imaging. Indeed, pretargeted PET and biodistribution experiments in a 

murine model of colorectal carcinoma revealed that sshuA33-DEN-TCO produced 

dramatically improved absolute tumoral activity concentrations compared to an analogous, 

dendrimer-lacking immunoconjugate (sshuA33-PEG12-TCO). The foundation of this 

improved performance almost certainly lies in the higher number of TCOs/mAb on sshuA33-

DEN-TCO, a trait that not only provides more in vivo reaction partners for tetrazine 

radioligands but also acts as ‘insurance’ against the slow isomerization of trans-cyclooctene 

to cis-cyclooctene in the body. Moving beyond pretargeting, we also believe that this work 

could have more general implications for bioconjugation chemistry. More specifically, we 

have demonstrated that our dendrimeric scaffolds can be site-specifically attached to an 

antibody without impairing its ability to bind its target in vivo. It is important to note, 

however, that while this bioconjugation strategy preserves the integrity of the 

immunoglobulin, it also appears to increase the serum half-live of the immunoconjugate. 

Ultimately, it is our hope that this study has an ongoing impact not only on the study of in 
vivo pretargeting but also on the field of bioconjugation chemistry as a whole.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of pretargeting using the inverse electron demand Diels-Alder reaction between a 

TCO-labeled antibody and a radiolabeled tetrazine. Reproduced with permission from 

reference 6.
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Figure 2. 
Chemoenzymatic strategy for the site-specific labeling of antibodies using EndoS
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Figure 3. 
Synthesis of the TCO-bearing PAMAM dendrimer (DBCO-DEN-TCO)
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Figure 4. 
In vivo pretargeting study in athymic nude mice (n = 4) bearing subcutaneous SW1222 

xenografts on their right shoulder. The mice received 100 μg (0.67 nmol) of either sshuA33-

PEG12-TCO or sshuA33-DEN-TCO followed 120 h later by the injection of [64Cu]Cu-

SarAr-Tz (16.7 MBq, 0.75 nmol). (A) PET imaging at 4 h (top) and 24 h (bottom) post-

injection of radioligand showing clear tumor delineation. Inserts depict maximum intensity 

projections for each time point. (B) Biodistribution at 24 h after the administration of the 

radioligand demonstrating significantly higher tumoral activity concentrations in the mice 

treated with sshuA33-DEN-TCO. *P<0.05.
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Figure 5. 
Biodistribution of 89Zr-DFO-sshuA33-DEN-TCO and 89Zr-DFO-sshuA33-PEG12-TCO in 

athymic nude mice (n = 5) bearing subcutaneous SW1222 xenografts. Cohorts were 

administered 100 μg of either radioimmunoconjugate and sacrificed 120 h later.
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Figure 6. 
Blood clearance curves for the various 89Zr-DFO-labeled huA33 immunoconjugates. Insert 

shows final blood values at 144 h in % ID/g (***P<0.0005).

Cook et al. Page 15

Bioconjug Chem. Author manuscript; available in PMC 2019 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Design
	Construction of the TCO-Bearing Dendrimer
	Bioconjugation
	Pretargeted PET Imaging and Biodistribution Experiments
	Tumoral Uptake of the Immunoconjugates
	Serum Clearance Pharmacokinetics

	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

