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Chapter 7:

Summary, discussion, and future perspectives
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Summary, discussion, and future perspectives

Currently, therapeutic monoclonal antibodies (mAbs) gain attention, due to their 

excellent potential for diagnosis and systemic treatment of cancer. Hundreds of mAbs 

and mAb fragments are under clinical development. To date, the U.S. Food and Drug 

Administration (FDA) has approved 30 mAbs, mostly for systemic treatment of cancer1-3. 

Despite the economic recession the annual mAb sales have grown till $48 billion in 20104. 

The top 5 mAbs had sales over $5 billion each in 20101.

 Unfortunately, efficacy of current mAbs is still limited, with clinical benefit for 

only a small group of patients. Ideally, the best drug candidates should be identified early 

in drug development, whereas patient populations most likely to benefit from treatment 

should be well defined. Molecular imaging can be of great help in fulfilling these tasks. 

One of the upcoming techniques is positron emission tomography (PET), which is suitable 

for quantitative whole body imaging with high resolution. PET can be of use in selecting 

patient populations, assessing target expression, and determining optimal mAb dosages 

(to minimize the side effects). The last decade PET imaging with use of mAbs (immuno-

PET) showed valuable improvement at several stages of mAb development and clinical 

applications. Besides full-sized intact mAbs also mAb-fragments (e.g. Nanobodies) and 

third generation, non-traditional mAb-like scaffolds are gaining more attention. Immuno-

PET can play a crucial role in early development of each of these targeting drugs.

For immuno-PET guided therapy with intact mAbs two approaches exist. The first 

approach is based on the same-day imaging with fast kinetic mAb-based PET probes. 

This results in a quick procedure to assess target expression in patients and a low 

radiation burden, especially when radionuclides with half-lives between 1-15 h are used 

e.g., gallium-68 (68Ga,  t½ = 1.13 h)5,6. In a second approach, the therapeutic intact mAbs 

themselves are radiolabeled and imaged in a pre-therapy scouting setting or early during 

the course of therapeutic treatment. This gives a better insight in the in vivo behavior and 

efficacy of the particular mAbs in individual patients. In the latter approach, therapeutic 

intact mAbs are radiolabeled with long-lived PET isotopes like zirconium-89 (89Zr, t½ = 78.4 

h) or iodine-124 (124I, t½ = 100.3 h) and imaged prior or during the course of mAb therapy. 

Very recent insights showed that selective targeting of just one single tumor 

target might be insufficient for optimal therapeutic efficacy. Cancer cells appear to have 

the inherent ability to use several growth factor (receptor) systems for growth advantage 

and survival. This means that other receptor systems can take over the signaling and 

therefore tumors are still able to survive after blockade of just one growth factor 
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(receptor) system. The potential of dual-specificity antibody therapy has already been 

demonstrated in several studies in which mAbs or tyrosine kinase inhibitors affecting 

different anti-cancer targets, e.g., EGFR, HER2, IGF-IR, VEGF or VEGF-R2 were combined7-14. 

Nanobody technology might be better suited for blockade of growth factor (receptor) 

systems. Nanobodies are smaller than intact traditional IgG mAbs and can therefore better 

penetrate in a tumor. Furthermore, Nanobody technology enables easy construction of 

so-called “dual specific” or “multi-specific” Nanobodies (targeting several tumor targets 

simultaneously). For preclinical and clinical evaluation of the targeting potential of such 

new antibody fragments immuno-PET can be of great help.

Chapter 1 described the current role and future potential of immuno-PET, and 

introduced a novel class of antibody-fragments: Nanobodies. With the introduction of 

Nanobodies, a new dimension might possibly be added to development of new anti-

cancer drugs as well as improved assessment of target expression in tumors. In this 

chapter also commonly upregulated, overexpressed and/or activated tumor targets which 

play a crucial role in malignant growth were described. 

In chapter 2, the novel p-isothiocyanatobenzyl-desferal (Df-Bz-NCS) was 

introduced. This novel bifunctional Df-Bz-NCS chelator allows a labeling procedure 

that consists of two steps. In comparison, in the old procedure the synthesis of the 

tetrafluorophenyl ester of succinylated Fe-desferrioxamine B (N-suc-Df-Fe-TFP) takes 

three steps, and the labeling procedure another three steps15. In both methods the Df-

chelate is conjugated to the lysines of a mAb in about 50 min. An important difference 

in the new conjugation procedure compared to the old one is the absence of a second 

step at a low pH (pH 4.5) to remove Fe from the Df-chelate. Avoiding this low pH step is a 

major improvement when pH-sensitive proteins are used, as has been recently shown for 
89Zr-Nanocolloidal albumin16. By omitting this step the whole procedure is speeded up by 

approximately 40 min. In the new procedure as described in this thesis, conjugation was 

carried out with a 3-fold molar excess of Df-Bz-NCS chelator, resulting in a chelate:mAb-

ratio of 1.5:1. With this conjugate, 89Zr-labeling was almost quantitative after 30 minutes 

of labeling at room temperature at pH 6.8-7.2. After PD-10 column purification the 89Zr-

Df-Bz-NCS-mAb conjugates appeared to be optimal with respect to radiochemical purity, 

integrity, and immunoreactivity. A point of serious attention is the way of addition of the 

Df-Bz-NCS to the mAb-solution. When the Df-Bz-NCS, which is dissolved in DMSO, is added 

in one time without shaking or proper mixing, mAb-aggregates are easily formed. For that 

reason it was stated that the Df-Bz-NCS should be added stepwise to the mAb-solution. 

A second point of attention concerns the stability of the radiolabeled mAb upon storage. 
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Buffers containing Cl- should be avoided, since those buffers cause detachment of 89Zr 

from the mAb, due to radiation-induced formation of hypochlorite. The latter component 

very effectively reacts with the bis-thiourea unit of the new linker. Therefore, the use of a 

0.25 M sodium acetate buffer is strongly recommended. The novel Df-Bz-NCS chelate was 

extensively compared with the reference N-suc-Df chelate. Biodistribution and imaging 

studies in different tumor bearing mouse models showed high and selective accumulation 

in tumors. Furthermore, no significant in vivo differences were observed between 89Zr-Df-

Bz-NCS-mAb and 89Zr-N-suc-Df-mAb conjugates. 

In chapter 3 a protocol was written to provide other research groups and 

pharmaceutical companies with a straightforward and convenient method for the labeling 

of 89Zr to mAbs or mAb fragments via this new Df-Bz-NCS chelate. This protocol not only 

can be used as a standard operating procedure, but also makes aware of critical steps.

 For radiolabeling of mAb fragments (e.g. Nanobodies) 89Zr is not strictly necessary, 

since the biological half-life of a Nanobody (t½= 1-3 h) does not really require the 78.4 

hour half-life of 89Zr. An alternative PET isotope might be 68Ga, with a half-life of 1.16 h. 

In chapter 4 a labeling method with 68Ga via the novel Df-Bz-NCS chelate was described. 

Crucial in optimal 68Ga radiolabeling is the use of ultra pure HCl, to keep the natGa 

concentrations as low as possible and also to minimize the amounts of Al, Fe and Zr, being 

strong competitors for complexation with Df. Also the purification and reduction of the 
68Ga-generator eluate volume is important. With the use of an anion exchange column 

removal of contaminating metals as well as minimizing the volume of the 68Ga-solution was 

achieved. Radiolabeling with 68Ga was performed at room temperature within a relatively 

broad pH range of 5.0-6.5 for only 5 min. Once the labeling method was established the 

first objective was to test whether the novel Df-Bz-NCS chelate is also the appropriate 

chelator for stable incorporation of 68Ga and for conjugation to mAbs or Nanobodies. The 

second objective in this study was to evaluate Nanobody 7D12, by use of immuno-PET 

and biodistribution experiments. When a 3-fold molar excess of Df-Bz-NCS was added to 2 

mg 7D12, 0.2 Df-groups per Nanobody molecule were coupled. Subsequent labeling with 

freshly eluted and purified 68Ga resulted in a radioactivity yield of 55-70% (not corrected 

for decay). Comparable results were shown with the reference compound 89Zr-Df-Bz-NCS-

7D12. Stability of both compounds was compared in a sodium acetate buffer, without 

Cl- -ions. The 68/67Ga-labeled Nanobody showed minimal release after 5 h (1.5 - 2.0%) in 

sodium acetate buffer at 4°C, but 6-7% of the 67Ga was released after 24 h, whereas the 
89Zr-labeled Nanobody showed only 1% release after 24 h at 4°C. In human serum the 

radiochemical purity of both compounds was equal after 5 h incubation; however, the 
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percentage of dissociation of the radioisotope after 24 h in serum was more for the 67Ga 

compound than for the 89Zr compound (7-8% and 1-2 % respectively). In a mouse model 

both the 68Ga radiolabeled and the 89Zr radiolabeled Nanobody 7D12 were studied. High 

and selective tumor uptake was seen for both compounds. Significant higher uptake was 

seen in catabolic organs like, liver and spleen for the 68Ga labeled 7D12. These data most 

probably reflect the slightly lower stability observed in the in vitro stability experiments. 

When outlining the second objective of this study, examining the anti-EGFR Nanobody 

7D12 as imaging probe for immuno-PET, tumors were clearly visible with radiolabeled 

7D12, and tumor-to-blood ratios were high (e.g., 25.7 for 68Ga-7D12 and 42.4 for 89Zr-

7D12 at 3 h post injection) indicating that the anti-EGFR Nanobody might be a good 

imaging compound.

On the basis of aforementioned biodistribution data, there is no clear preference 

in the use of either 68Ga or 89Zr for clinical imaging with Nanobodies. Both radionuclides 

are nowadays commercially readily available. An advantage of using 89Zr is that logistics 

of labeling, transportation and clinical handling are easier, due to its longer half-life. A 

disadvantage of 89Zr might be the higher radiation burden to the patient, although this 

burden is expected to be lower than for 89Zr-labeled intact mAbs as have extensively 

been used in clinical immuno-PET studies.

 From the results obtained in chapter 2, 3 and 4 concerning the novel Df-Bz-NCS 

chelator, it can be concluded that this chelator is well suited for labeling of intact mAbs 

with 89Zr, and for labeling of antibody fragments, like Nanobodies, with 89Zr or 68Ga for 

immuno-PET applications. The novel chelate is commercially available at Macrocyclics 

(www.macrocyclics.com) and can be produced in a GMP compliant way, on request. Also, 

in March 2012, the Fe-N-suc-Df-TFP-ester was added to the portfolio of ABX (www.ABX.

de). With this recent input from ABX, a second chelator company showed their interest 

in 89Zr chemistry. Furthermore, it also allows other laboratories or research groups to 

choose their desired labeling method. Till now the use of the procedure as described by 

Verel15 was only reserved to research groups who synthesized this Fe-N-suc-Df-TFP ester 

themselves or when the ester was provided by our group. 89Zr-immuno-PET imaging has 

now reached a matured stage, and allows global exploration.

 Nanobodies are a promising novel class of antibody-based fragments for imaging. 

With their small molecular size, Nanobodies are fast penetrating agents allowing imaging 

within a few hours post injection. Therefore, Nanobodies can have great potential in 

tumor detection, confirmation of target expression, and selection of patients who have 
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the highest chance to benefit from mAb-therapy. Besides as a diagnostic tracer, another 

potnet application is the construction of multi-specific Nabododies by  combining multiple 

Nanobody units within one molecule. In this way, Nanobodies targeting different receptors 

can be developed, and improvement in therapeutic effectiveness might be acchieved.  

In chapter 5 therapeutic applications of anti-EGFR Nanobodies were examined. 

To be more precise, a bi-paratopic (directed to two different epitopes on EGFR) 

Nanobody, called CONAN-1, was developed and characterized. In earlier studies, bi-

valent Nanobodies directed against EGFR had showed their potency in a mouse model17. 

Hereto mice subcutaneously injected with 107 A431 cells one day before treatment, were 

treated twice weekly with three different bi-valent anti-EGFR Nanobody constructs for 

4 weeks. Significant delay of A431 xenograft outgrowth was observed during treatment 

for all three Nanobody constructs compared to a control group. However, in this study 

no established xenografts were used and no comparison with cetuximab was made. 

In our study, as described in chapter 5, we hoped to improve the inhibitory effects of 

Nanobodies via the construction of bi-paratopic Nanobodies. To this end, we selected and 

constructed Nanobodies that could recognize domain III of EGFR, competing with EGF, and 

Nanobodies that could bind to another epitope on domain III inhibiting the dimerization 

of the receptor. Nanobody 7D12, the same Nanobody as described in chapter 4, was 

selected as the most potent Nanobody competing with EGF with an IC50 of 8 nM. The 

second selected Nanobody was 9G8 with an IC50 of 6-7 nM. After engineering these two 

Nanobodies in vitro tests were performed to select the most optimal construct. In these 

tests different linker lengths as well as the sequential order of the Nanobody units were 

examined. It turned out that 7D12-9G8 with a linker length of 10 amino acids was the 

optimal bi-paratopic Nanobody construct. 7D12-9G8 was more effective than 9G8-7D12 

in inhibiting the phosphorylation of EGFR, and also in causing tumor cell growth inhibition 

in the proliferation assay. With respect to the different linker lengths for 7D12-9G8, linker 

lengths >10 amino acids showed less growth inhibition in the proliferation assay.

Because Nanobody 7D12-9G8 has a molecular weight of about 35 kDa, it is 

excreted very rapidly via the kidneys in vivo. To extend the half-life of the Nanobodies in 

vivo, binding to albumin has been reported as an excellent option17-19. Therefore, an anti-

albumin Nanobody (called Alb1) was C-terminally fused to the bi-paratopic Nanobody. The 

thus constructed Nanobody, 7D12-9G8-Alb1 was studied in a mouse study and compared 

with the monoclonal antibody cetuximab (Erbitux®). Treatment of mice bearing A431 

tumors with cetuximab resulted in tumor regression after 4 days till approximately day 

14. Despite the fact that 7D12-9G8-Alb1 cannot interact with the immune system (like 
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intact mAbs can via their Fc part) its efficacy was largely similar to that of cetuximab. This 

is most probably due to the better tumor penetration of Nanobodies amidst the similar 

pharmacokinetics.

 These data demonstrate the flexibility of Nanobody technology for the formation 

of constructs that show optimal binding characteristics even when several units are 

coupled to each other, like a bead chain. These findings encourage further exploration 

of the Nanobody toolbox, for the development of bi- and multi-specific Nanobodies, 

targeting two or more critical tumor targets. With respect to head and neck squamous 

cell carcinomas (HNSCC) overexpression of both EGFR and HGF/c-Met has been observed, 

while expression was correlated to bad prognosis20. Possible new Nanobody constructs 

may be bi-specific Nanobodies consisting of a unit targeting EGFR and another unit 

targeting c-Met or HGF (e.g., αEGFR-αc-Met-αAlb1 or αHGF-αEGFR-αAlb1). 

In chapter 6, we described two monospecific Nanobodies (1E2 and 6E10) targeting 

HGF. Targeting the HGF/c-Met pathway is considered to be a promising approach for 

treatment of cancer. HGF is the only known ligand for c-Met. c-Met is overexpressed in 

various tumor types. Also in this study the earlier described method was used to elongate 

the half-life of these Nanobodies in vivo: genetic fusion of an anti-albumin Nanobody to 

the anti-HGF unit. Both anti-HGF Nanobodies were radiolabeled with 89Zr via the novel 

method as developed and described in chapter 2 and 3, to enable accurate assessment 

of in vivo biodistribution. This can be achieved by taking biopsies as performed in this 

study, or alternatively by non-invasive PET imaging, as might been foreseen in future 

clinical trials. Biodistributions showed selective accumulation of both 89Zr-labeled anti-

HGF Nanobodies in mice bearing U87 MG xenografts. In addition, both αHGF-Nanobodies 

were able to inhibit tumor growth in the same mouse model, and upon treatment with 

100 µg, three times a week up to 5 weeks, cures were observed in 4 of 6 mice with 1E2-

Alb8 and in 3 of 6 mice with 6E10-Alb8.

On the basis of the achievements described above, we decided to use the 

remaining time to explore the potential of bi- and multi-specific Nanobodies for therapy. 

Blocking two or more critical tumor targets e.g., EGFR, HGF/c-Met, VEGF, IGF-1R, HER2, by 

one single Nanobody construct might give better therapeutic results. Our first attempt to 

test this hypothesis was with a bi-specific Nanobody targeting EGFR as well as IGF-1R. To 

this end, we developed and tested several Nanobody constructs. After in vitro evaluation, 

Nanobody 7D12 targeting EGFR and Nanobody 11C6 targeting IGF-1R were selected, and 

Nanobodies 7D12-11C6-Alb1, 7D12-7D12-Alb1 and 11C6-11C6-Alb1 were constructed. In 

a preclinical therapy study in nude mice bearing the head and neck xenograft FaDu the 
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bi-specifi c Nanobody 7D12-11C6-Alb1 was found to show a bett er effi  cacy than the mono-

specifi c Nanobodies 7D12-7D12-Alb1, and 11C6-11C6-Alb1, see fi gure 1. 

Figure 1. Therapy study with bi-specifi c Nanobody 7D12-11C6-Alb1, mono-specifi c Nanobodies 7D12-7D12-Alb1 and 11C6-
11C6-Alb1 and cetuximab (αEGFR mAb) in nude mice bearing FaDu HNSCC xenograft s. 7D12 is targeti ng EGFR, whereas 
11C6 is targeti ng IGFR. Treatment was given 2 ti mes a week: 330 µg Nanobody or 1000 µg mAb for 5 weeks. Treatment with 
bi-specifi c Nanobody 7D12-11C6-Alb1 caused signifi cant tumor growth delay of the established tumors aft er day 5 (P< 0.05) 
that lasted ti ll day 25 compared to the mono-specifi c Nanobodies and the control saline group. N=6 mice per group, SD bars 
are omitt ed for clarity.

 Besides this, during the fi rst 25 days aft er start of treatment 7D12-11C6-Alb1 

caused the same tumor growth delay as cetuximab. Ulti mately, aft er 25 days, tumors in 

the Nanobody treated mice group started to grow more rapidly than the tumors in the 

cetuximab group. This is most probably due to the fact that Nanobodies lack the Fc-region, 

and immune responses are absent. These fi rst promising in vivo results, however, could 

not be confi rmed in another tumor model. In nude mice bearing the human lung cancer 

xenograft  line A549 no tumor growth delay was observed upon treatment with 7D12-

11C6-Alb1. So, it can be concluded that the constructi on of multi -specifi c Nanobodies 

directed at diff erent tumor targets is possible, though the fi rst results are somewhat 

variable. EGFR is known to be a promising tumor target, but in several studies IGF-1R was 

reported not to be a promising target for therapy21. This might explain the observed poor 

tumor growth delay in our studies.

Notwithstanding the preliminary results with these bi-specifi c Nanobodies our 
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findings might very well be a prelude to further development of more promising bi-specific 

and multi-specific Nanobodies. As EGFR and HGF/c-Met are frequently overexpressed 

in tumors, HNSCC included, a promising candidate might be a Nanobody that targets 

both receptors, e.g., 7D12-1E2-Alb8. Furthermore, it is also known that VEGF is an 

important target in many carcinomas. VEGF is involved in angiogenesis, and blocking of 

this ligand causes tumor growth inhibition. It is already known that inhibition of EGFR 

with cetuximab results in anti-angiogenic effects like a decrease in VEGF synthesis22. VEGF 

expression was elevated in αEGFR-resistant colon cancer22. Therefore, bi-specific αEGFR-

αVEGF Nanobodies might be an interesting combination. A potential advantage of using 

bi-specific Nanobodies for simultaneous blockade of a receptor and neutralization of a 

growth factor is that sterical aspects and therefore also Nanobody linker length might be 

less critical for optimal efficacy.

In conclusion: With the new Df-Bz-NCS chelate a less laborious procedure is available for 

assessment of tumor targeting using immuno-PET. Nanobodies showed their potential 

as fast and convenient diagnostic tools for assessment of target expression. In addition, 

Nanobodies might become successful agents in cancer therapy. Further improvement of 

multi-specific Nanobodies allows for multi-targeted therapies by targeting several tumor 

targets, blocking different critical signaling routes and improving therapy results.
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