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Abstract

Streptavidin (SA)-biotin pretargeted radioimmunotherapy (PRIT) that targets CD20 in non-

Hodgkin lymphoma (NHL) exhibits remarkable efficacy in model systems, but SA 

immunogenicity and interference by endogenous biotin may complicate clinical translation of this 

approach. In this study, we engineered a bispecific fusion protein (FP) that evades the limitations 

imposed by this system. Briefly, one arm of the FP was an anti-human CD20 antibody (2H7) with 

the other arm of the FP an anti-chelated radiometal trap for a radiolabeled ligand (yttrium[Y]-

DOTA) captured by a very high-affinity anti-Y-DOTA scFv antibody (C825). Head-to-head 

biodistribution experiments comparing SA-biotin and bispecific FP (2H7-Fc-C825) PRIT in 

murine subjects bearing human lymphoma xenografts demonstrated nearly identical tumor 

targeting by each modality at 24 hrs. However, residual radioactivity in the blood and normal 

organs was consistently higher following administration of 1F5-SA compared to 2H7-Fc-C825. 

Consequently, tumor-to-normal tissue ratios of distribution were superior for 2H7-Fc-C825 

(p<0.0001). Therapy studies in subjects bearing either Ramos or Granta subcutaneous lymphomas 

demonstrated that 2H7-Fc-C825 PRIT is highly effective and significantly less myelosuppressive 

than 1F5-SA (p<0.0001). All animals receiving optimal doses of 2H7-Fc-C825 followed by 90Y-

DOTA were cured by 150 days, whereas the growth of tumors in control animals progressed 

rapidly with complete morbidity by 25 days. In addition to demonstrating reduced risk of 

immunogenicity and an absence of endogenous biotin interference, our findings offer a preclinical 

proof of concept for the preferred use of bispecific PRIT in future clinical trials, due to a slightly 

superior biodistribution profile, less myelosuppression and superior efficacy.
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INTRODUCTION

An estimated 19,970 Americans died of Non-Hodgkin Lymphoma in 2015(1), despite the 

availability of modern immunochemotherapy regimens and the introduction of novel agents 

such as ibrutinib and idelalisib.(2,3) This statistic emphasizes the need for additional 

improvements in the therapeutic armamentarium for lymphomas. One promising approach is 

to exploit the specificity of monoclonal antibodies to target drugs, toxins, or radionuclides to 

lineage-specific cell surface antigens present on B cell malignancies.(4,5) Early studies with 

“first generation” radiolabeled antibodies targeting the CD20 antigen, such as 131Iodine-

tositumomab and 90Yttrium-ibritumomab tiuxetan, induced objective tumor responses in 60–

80% of patients with relapsed or refractory indolent B cell malignancies(4,6), and in 80–

100% of patients treated in the front-line setting,(7,8) leading to United States Food and 

Drug Administration (FDA) approval of both radioimmunoconjugates. Despite the 

unequivocal efficacy and safety of these agents, they have been under-utilized, resulting in 

withdrawal of 131Iodine-tositumomab from the commercial market. Although the reasons for 

the under-utilization of radioimmunotherapy (RIT) are controversial, it appears likely that 

the simultaneous emergence of other promising agents (e.g. bendamustine, ibrutinib, 

idelalisib) which were logistically easier to administer in the offices of hematologists and 

oncologists, put RIT at a competitive disadvantage. However, despite their convenience and 

demonstrated short-term efficacy none of these new agents have curative potential, at least as 

single agents. First generation RIT often achieves disease control, however, low tumor-to-

normal organ ratios of absorbed radioactivity (1.5:1 for tumor-to-lung and 10:1 for tumor-to-

whole body following 131I-anti-CD20) do not reliably lead to disease eradication.(9) The 

majority of patients treated at conventional doses of anti-CD20 RIT eventually relapse.(10) 

While myeloablative RIT conditioning for autologous stem cell transplant (ASCT) has led to 

objective remission rates of 85–95%, at least 1/3 of patients with NHL still relapse, 3–5% of 

patients die of infections or pneumonitis and nonhematopoietic toxicities can be significant.

(9,11–16) Advances in RIT that markedly improve the efficacy, and diminish the toxicity of 

the approach, would potentially elevate the attractiveness of RIT, despite its logistic 

challenges. The development and optimization of multi-step “pretargeted” 

radioimmunotherapy (PRIT) approaches appear particularly promising.

Several PRIT methods have been developed, all of which have been shown to be markedly 

superior to conventional RIT with directly radiolabeled antibodies.(17–22) All of these 

strategies administer a derivatized lymphoma-reactive antibody in a non-radioactive form, 

allowing it to localize to tumor sites and accumulate without subjecting the rest of the body 

to nonspecific irradiation. After maximal accumulation of antibody in the tumor, a low 

molecular weight radioactive moiety with a high affinity for the derivatized tumor-reactive 

antibody is administered. The small size of the second reagent facilitates rapid tumor 

penetration, capture and retention by the pre-targeted antibody. Unbound molecules of the 

radioactive second reagent are so small that they are rapidly cleared from the blood and 
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excreted in the urine. In some PRIT approaches, a “clearing agent” (CA) is injected shortly 

before the radiolabeled small molecule to accelerate removal of residual unbound antibody 

from the bloodstream, preventing it from complexing with the radiolabeled second step 

reagent (Figure 1).

Technologies employed to facilitate high-avidity association of the radiolabeled second step 

reagent with the pretargeted tumor-bound antibody include streptavidin-biotin (SA-biotin) 

approaches, bispecific monoclonal antibodies, complementary hybridization (Watson–Crick 

pairing) of phosphorodiamidate morpholino DNA oligomers(23,24), and trans-cyclooctene-

modified antibodies (Abs) binding to radiolabeled tetrazine ligands.(25,26) Although each of 

these PRIT methods has been shown to be superior to “first generation” RIT with directly 

radiolabeled antibodies, no head-to-head comparisons have been conducted to discern which 

of the PRIT approaches is most promising for clinical development. Here, we present a 

comparative analysis of the biodistribution and therapeutic efficacy of the two most popular 

PRIT strategies, SA-biotin and bispecific antibody targeting (Figure 1). As demonstrated in 

this report, both approaches are highly promising, though biodistributions of radioactivity 

favor the bispecific antibody approach. Each PRIT method was capable of curing 70–100% 

of animals bearing lymphoma xenografts when used under optimal conditions, but the 

bispecific antibody method produced less hematologic toxicity than SA-biotin PRIT. 

Expected reduced immunogenicity, and absence of potential interference from endogenous 

biotin-blocking, also argue in favor of the bispecific antibody approach over SA-biotin PRIT 

for future clinical trials.

MATERIALS AND METHODS

Construction of a bispecific 2H7-Fc-C825 (anti-CD20 x anti-Y-DOTA) fusion gene

A pDG expression vector containing a 2H7-hIgG1-hRNase gene under the control of the 

CMV promoter was provided by Jeffrey Ledbetter (Univ. of Washington). An anti-yttrium-

DOTA 2D12.5 scFv was supplied by Claude Meares (Univ. of California Davis). A plasmid 

harboring a C825 ds-scFv gene, an affinity-improved 2D12.5 antibody, was obtained from 

Dane Wittrup (MIT) (27,28). An EcoRV-XbaI fragment of 2D12.5 was cloned into the pDG 

expression vector generating an O22-3-9 plasmid. An EcoRV-XbaI fragment of C825 was 

inserted into the plasmid O22-3-9 resulting in an O89-1-6 construct carrying 2H7-Fc-C825.

Isolation of CHO cell clones stably expressing 2H7-Fc-C825

The AscI-linearized O89-1-6 DNA (250μg) was mixed with 2x107 CHO-DG44 cells and 

electroporated at 280V, 950 microFarads. Transfected cells were incubated in non-selective 

media overnight and plated in 96-well plates in Excell 302 complete CHO media (CCM) 

containing 50nM methotrexate (Sigma). Clones with the highest expression of the FP, 

determined by an IgG sandwich ELISA, were further treated using progressively increasing 

concentrations of methotrexate, (50nM to 500nM).

Expression and purification of the 2H7-Fc-C825

One of the highest expressing clones, 16B12/300, was thawed (107 cells) and expanded into 

40 T175 flasks with 100ml per flask CCM plus 300nM MTX at an initial density of 1x105 
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cells/ml and incubated for 14 days. Supernatants were purified over a 12-ml protein A-

agarose column (RepliGen Bio Processing). The fractions containing the FP were pooled, 

dialyzed, and sterile filtered. A non-binding control bispecific anti-Tag72 CC49-Fc-C825 FP 

was produced using the same methods.

Synthesis of a DOTAY-dextran (DYD) CA for use with the 2H7-Fc-C825 fusion protein

Amino dextran 500kDa, 30.5mg, (Life Technologieswas reacted with 6.1mg of DOTA-–

benzyl-NCS (MW=697kDa) and 11.4μl of triethylamine overnight,(28), diluted in sodium 

acetate pH 5.2 and 100 equivalents of yttrium nitrate (336mg) and incubated overnight at 

37°C. The mixture was dialyzed against 2L of water for 3 days, dried on a Biotage V10 

evaporator, dissolved in 2ml PBS,passed twice over a BioRad EconoPak 10DG column, 

dialyzed against water for 5 days, dried, weighed and. re-suspended in saline at 4 mg/ml and 

sterile filtered.

Streptavidin-biotin pretargeting reagents

Conjugates of the 1F5 anti-CD20 monoclonal antibody and SA were synthesized, purified 

and characterized as previously published.(29, 30) A synthetic, dendrimeric CA containing 

16 N-acetylgalactosamine residues and a single biotin residue per molecule (NAGB) was 

obtained from Aletheon Pharmaceuticals (Seattle, WA) for use with the 1F5-SA conjugate.

Radiolabeling of DOTA-biotin with 90Yttrium
90Y labeling of DOTA-Biotin was performed using 12mg/mL DOTA-Biotin, 500mM 

ammonium acetate pH 5.3 and 90Y heated for 60 minutes at 84°C. After cooling, 100mM 

DTPA was added and labeling efficiency determined using avidin-agarose beads.

Cell culture

The human Ramos (Burkitt lymphoma) cell line was obtained from the American Type 

Culture Collection (ATCC, Bethesda, MD; 2012). Granta-519 (mantle cell lymphoma; 2012) 

was obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ; 

Braunschweig, Germany). The EL4 and EL4-CD20 cell lines were gifts from Dr. Martino 

Introna and J. Golay, (Milan, Italy; obtained from ATCC; 2004). Cells were passaged twice, 

frozen and stored in liquid nitrogen. Fresh vials of cells were thawed and grown in log phase 

growth in RPMI 1640 medium supplemented with 10% fetal bovine serum in a 5% CO2 

incubator. Cell viability exceeded 95% by trypan blue exclusion. Mycoplasma testing 

(indirect DAPI stain and PCR testing) was performed on all cell lines prior to storage; in 

addition cell lines maintained in culture were tested on a rotating schedule. The 

Granta-519luc cell line expressing firefly luciferase was created by transducing Granta-519 

cells with the G-RV-FFLUC-Thy1.1-Neo plasmid as previously described.(31)

Cell binding analysis of antibody constructs

Ramos cells were concentrated and plated at a density of 106cells/well in a 96-well plate. 

Cells were blocked with non-binding antibody (negative control, HB8181), or an anti-CD20 

antibody (1F5) at 50X the concentration of FPs and incubated for 45 minutes on ice. The 

FPs were added at 14x saturation of the CD20 binding sites, incubated for 45 minutes on ice, 
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washed and incubated with a 0.5X saturation 90Y-DOTA-biotin for 45 minutes. Cells were 

washed to remove unbound 90Y-DOTA-biotin and cell pellets counted on a Perkin Elmer 

Wizard 2480 gamma counter. The percent bound radioactivity was calculated as bound CPM 

divided by applied total CPM.

Mouse xenograft models

Athymic female mice (6–8 weeks old) (Harlan Sprague-Dawley) were housed in the 

FHCRC animal facility according to the Institutional Animal Care and Use Committee. All 

mice were placed on a biotin-deficient diet (Purina Mills) 7 days prior to PRIT studies. 

Ramos, Granta-519, or Granta-519luc cells (107) were injected subcutaneously in the right 

flank 7–14 days prior to experiments to produce lymphoma xenografts measuring 6 to 8mm 

in diameter. Anti-asialoGM1 antiserum (30 μl, WAKO) was injected i.p. 8 days and 3 days 

prior to FP injection, and weekly for 100 days to prevent spontaneous tumor regressions.

Blood clearance studies

Groups of 3–5 athymic nude mice bearing Ramos or Granta-519 flank tumors were injected 

i.v. with 0.14 to 2.8nmol of 2H7-Fc-C825 followed 23-hours later by either 5.8nmol of 

NAGB or 5–32μg of DOTAY-Dextran (DYD) CA. Two micrograms of 90Y-DOTA-biotin 

were injected one hour later. Retro-orbital blood sampling was performed at serial time 

points up to 24-hours. 90Y was counted on a calibrated gamma counter and the percent of 

the injected dose per gram (%ID/g) present in blood was calculated.

Biodistribution studies

Groups of 3–5 mice with similar-sized tumors were injected i.v. with 0.14 to 2.8nmol of 

2H7-Fc-C825, CC49-Fc-C825, HB8181-SA, or 1F5-SA. Twenty-three-hours later, mice 

were injected with 5.8nmol of NAGB CA (50μg) or 5μg of DYD CA, followed 1-hour later 

by 1.2nmol DOTA-biotin labeled with 20 to 40μCi (0.74–1.48MBq) of 90Y. Blood, tumors, 

and body organs were obtained and 90Y activity was measured using a calibrated system.

Radiation absorbed doses to organs and tissues

Mean values of radioactivity in organs and tissues for groups animals in biodistribution 

studies were plotted against time after injection and integrated to determine the total number 

of radioactive disintegrations in each major organ or tissue. Time-activity curves were 

integrated through complete decay of 90Y. Radiation absorbed doses to organs and tissues 

were calculated from the integrated time-activity curves using the method of Hui, which 

accounts for organ mass, specific absorbed energy fraction, the beta-emission spectrum 

of 90Y, and the beta-particle absorbed fractions for small organs(32). Average carcass values 

were estimated by blending the remains after tissue harvest. The results were expressed as 

radiation absorbed dose (cGy) per unit administered activity (μCi).

Therapy studies

The therapeutic efficacies of 90Y-PRIT using SA-biotin and bispecific methods were 

evaluated in groups of 10 mice at each dose level. Groups of mice with similar sized, 

palpable tumors were randomized for the studies. Mice were given 1.4 or 2.8nmol of 2H7-
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Fc-C825, 1F5-SA, or the non-binding, negative control antibodies, CC49-FC-C825 or 

HB8181-SA, followed by optimized doses of CA (5.8nmol for NAGB or 5μg DYD) 23-

hours later. A single dose of 1.2nmol of DOTA-biotin labeled with 14.8–37MBq (400–

1000μCi) 90Y was administered 1 hour after the CA. Mice were assessed every 2 days for 

tumor volume, weight changes, and general appearance. Blood was sampled before therapy 

and 5, 12, 20, 30, 50 and 150 days after 90Y administration to measure the leukocyte and 

platelet counts as well as hemoglobin and hematocrit values. Serum was collected before 

therapy, and 12, 20, 30, 50 and 150 days after therapy, to assess changes in aspartate 

aminotransferase (AST), alanine aminotransferase (ALT), creatinine, and blood urea 

nitrogen (BUN) levels. Bioluminescent tumor imaging was performed on mice bearing 

Granta-519luc xenografts. Mice were injected i.p. with 10μL/g (15mg/mL) D-luciferin 

(Caliper Lifesciences, Hopkinton, MA) and imaged 10 minutes later on an IVIS Spectrum 

device. Mice were euthanized if xenografts exceeded 1200mm3, caused obvious discomfort 

or impaired ambulation, or if mice lost more than 30% of their baseline body weight.

Statistical considerations

Differences between treatment groups in absorbed radiation dose and blood counts were 

determined using Student’s t-tests. Tumor growth rate differences were determined using 

repeated measures analysis of variance, and survival differences were plotted by the Kaplan-

Meier method(33) and compared using log-rank tests. Analyses were performed using 

GraphPad Prism 6 and JMP 12.2.0 (SAS Institute).

RESULTS

Engineering, expression, purification and in vitro testing of the 2H7-Fc-C825 FP

A bispecific antibody recognizing the B cell specific CD20 surface antigen as well the 

Yttrium-DOTA ligand was prepared by fusing the cDNAs encoding the scFv domain of the 

2H7 anti-CD20 monoclonal antibody with the scFv of the affinity-enhanced C825 antibody, 

joined by a human IgG1 CH2-CH3 Fc hinge region and an NLG linker, as described above 

and illustrated in Figure 2A. The fusion gene construct was transfected into CHO-DG44 

cells, and high-expressing clones were selected with methotrexate. The expressed 80-kDa 

monomeric protein spontaneously dimerized to a 160-kDa product, that was purified from 

culture supernatants using a protein A column and characterized by SDS-PAGE (Figure 2B). 

The purified bispecific antibody bound avidly to CD20-expressing target cells (i.e. EL4 

murine T cells transfected with human CD20, [Figure 2C] and human lymphoma cell lines 

such as Ramos and Granta [Supplemental Figure S1]), but not to control cells (EL4) lacking 

CD20 expression (Figure 2C). The 2H7-Fc-C825 FP also avidly bound the Y-DOTA ligand 

in a concentration-dependent fashion, as demonstrated in a sandwich ELISA assay (Figure 

2D).

In vivo pharmacokinetics and blood clearance of the 2H7-Fc-C825 FP

Pharmacokinetic analysis of the 2H7-Fc-C825 FP was challenged by an inability to 

radioiodinate the bispecific molecule without impairing its binding function. To circumvent 

this limitation, in vivo PK and blood clearance were performed by first injecting the 

unlabeled 2H7-Fc-C825 FP with or without administration of various doses of DYD CA 23-
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hours later, followed by injection of 2.4nmol of 90Y-DOTA-Biotin one-hour later. Blood was 

collected at various time intervals (0.08, 0.25, 0.5, 1, 2, 4 and 24-hours) following injection 

of radioactivity. The pharmacokinetics of various doses of bispecific antibody (0.14, 0.35, 

0.7, 1.4, or 2.8nmol) labeled with 90Y-DOTA-Biotin in the absence of CA are shown in 

Supplemental Figure S2. Dose-dependent levels of circulating radioimmunoconjugate were 

observed ranging from 14.7±1.4 %ID/g (23-hours after 2.8nmol bispecific Ab) to 

0.6±0.4%ID/g ID/g (23-hours after 0.14nmol Ab), with a very slow blood clearance in the 

absence of DYD CA (t½ beta of ~44-hours with 1.4nmol of 2H7-Fc-C825). In contrast, 

DYD CA was highly effective at rapidly clearing >98% of circulating FP from the 

bloodstream within 30 minutes of administration at all doses tested (Figure 3A).

In vivo biodistributions of radioactivity following CD20 PRIT with the 2H7-Fc-C825 FP

The biodistributions of various doses (0.14, 0.35, 0.7, 1.4, or 2.8nmol) of 2H7-Fc-C825 

bispecific Ab followed by trace-labeled 90Y-DOTA were initially assessed in the blood, 

Ramos tumor xenografts and in critical normal organs in the absence of CA. Dose-

dependent accumulation of radioactivity (up to 11.9%ID/g) was demonstrated in tumor sites 

48-hours after injection of 2.8nmol of bispecific Ab (23-hours after injection of 90Y-DOTA) 

(Supplemental Figure S3) and subsequent experiments optimized the system by assessing 

the impact of various doses of DYD CA. Athymic mice were injected with 1.4nmol of 2H7-

Fc-C825 followed 23-hours later by 0, 5, 16, or 32μg of DYD CA, followed one hour later 

by 2.4nmol of 90Y-DOTA-Biotin. The greatest amount of radioactivity was present in the 

tumors of animals that received no CA (5.7±0.6%ID/g, Figure 3B). However, high levels of 

radioactivity were also observed in the blood (5.6±0.6%ID/g), lungs (2.9±0.1%ID/g), liver 

(1.3±0.1%ID/g), and kidneys (1.6±0.2%ID/g, unless DYD was administered (Figure 3B). 

All three doses of CA (5, 16, and 32μg) were highly effective in removing excess FP from 

the bloodstream (~98% clearance within 30 minutes) and in markedly diminishing the 

uptake of the 90Y-radiolabeled construct in critical normal organs (Figure 3B), although the 

amount of radioactivity in tumor sites also dropped progressively with increasing amounts of 

CA. Hence, the lowest amount of CA (5μg) was selected as optimal for further experiments 

since it afforded the best compromise between effective clearance of bispecific Ab from the 

blood stream and normal organs, while retaining high levels of radioactivity in target tumor 

sites (Figure 3B).

Biodistributions of radioactivity with time

An experiment performed to evaluate the retention of radioactivity in tumor and normal 

organ sites as a function of time (Figure 4A) demonstrated selective targeting and retention 

of 90Y in CD20-expressing tumor sites with high levels of radioactivity achieved within 4-

hours of 90Y-DOTA injection (13.8±1.4%ID/g), which persisted after 24-hours 

(10.4±1.5%ID/g), 48-hours (6.12±0.5%ID/g), and 120-hours (2.1±0.3%ID/g). Tumor-to-

blood radioactivity ratios were 6:1 after 4-hours, 21:1 after 24-hours, 51:1 after 48-hours and 

43:1 after 120-hours. Among normal organs, the lung retained the greatest amount of 

radioactivity (Figure 4A), presumably because of its high vascularity. Kidneys and liver 

retained much less radioactivity after 24-hours, (0.49±0.03%ID/g) and (0.53±0.05%ID/g) 

respectively, with tumor-to-organ ratios of 21:1 and 19:1, respectively. A non-binding CC49-

Fc-C825 control FP showed no preferential retention in tumor sites, with a lower %ID/g in 
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tumor than in lungs at all time-points (Figure 4B). A comparative experiment was 

subsequently performed to assess the relative targeting of 90Y-DOTA-biotin to tumor sites 

using bispecific 2H7-Fc-C825 PRIT compared to our previous “gold standard” PRIT 

approach using an anti-CD20-SA conjugate (1F5-SA). Virtually identical tumor targeting 

was observed with these two PRIT methods (8.4±.2%ID/g vs 8.2±1.0%ID/g, respectively 

after 24-hours; Figure 4C). However, the concentrations of 90Y in the blood and normal 

organs were consistently higher with 1F-SA PRIT than with bispecific 2H7-Fc-C825 PRIT 

(e.g., for blood, 2.1±0.5%ID/g vs 0.6±0.1%; and for kidneys, 2.1±0.4%ID/g vs 0.6±0.1%, 

respectively). Consequently, tumor-to-organ ratios were considerably superior for bispecific 

PRIT compared to SA-biotin PRIT (e.g., tumor:blood, 14.8±3.5 vs. 4.4±1.6, p=0.0003; 

tumor:kidney, 15.3±2.6 vs. 4.2±1.1, p<0.0001, respectively). Very similar results were 

obtained in a separate experiment targeting the Granta xenografts (Figure 4D).

Dosimetry

Radiation absorbed doses to tumors, whole body, and 11 normal tissues were calculated for 

bispecific antibody PRIT using the methods described above (Table 1). The dosimetry 

method used accounted for organ self-dose absorbed fractions as well as beta-particle cross-

organ dose contributions(34). The absorbed doses (cGy) per millicurie 90Y administered, 

calculated from the 111In tracer, showed tumor-to-normal organ ratios of 112:1 for the 

femur, 29:1 for the whole body, 25:1 for the kidneys, 21:1 for the blood, 6:1 for the liver, 

and 3:1 for the lung (Table 1).

Therapy Studies

Therapy studies were performed in athymic mice (n=10 mice per group) bearing 

subcutaneous Ramos or Granta-519luc xenografts, using the optimal reagent concentrations 

and time-points for administration identified in the biodistribution studies. Four consecutive, 

concordant experiments demonstrated similar high levels of efficacy between bispecific 

antibody PRIT compared with SA-biotin PRIT when administered at equimolar doses 

(1.4nmol). In one representative experiment, escalating amounts of 90Y-DOTA-biotin (14.8, 

25.9, or 37MBq [400, 700, or 1000μCi]) were administered to mice bearing Ramos 

xenografts injected 24-hours earlier with 1.4nmol of 2H7-Fc-C825 bispecific Ab, 1F5-SA 

conjugate, or control reagents (CC49-Fc-C825 bispecific Ab or HB8181-SA conjugate). 

Dose-dependent inhibition of tumor growth (Figure 5A) and prolongation of mouse survival 

(Figure 5B) were dramatic with both CD20-pretargeted methods. All 30 mice in the three 

control groups and the 10 mice treated with 14.8MBq (400μCi) 90Y-DOTA-biotin group died 

within 25 days, whereas 60–70% of mice treated with 25.9 MBq700 μCi) or 37MBq 

(1000μCi) of 90Y-DOTA-biotin were cured, surviving tumor-free for the 150-day duration of 

the experiment (Figure 5A and 5B, p<0.0001, comparing any control or the 14.8MBq group 

to either the 25.9 or 37MBq group). The 1F5-SA conjugate possesses 4 binding sites 

for 90Y-DOTA-biotin, whereas the 2H7-Fc-C825 bispecific Ab possess only 2 binding sites 

per molecule for 90Y-DOTA-biotin. A subsequent experiment was therefore performed 

evaluating the potential benefit of administering twice the amount of 2H7-Fc-C825 Ab as 

1F5-SA conjugate (2.8 vs 1.4nmol), followed by equivalent amounts of 90Y-DOTA-biotin 

(37MBq [1000μCi], Figure 5C & 5D). In this experiment, 100% of animals treated with 

2.8nmol of 2H7-Fc-C825 were cured compared with 50% of those with 1.4nmol of 1F5-SA 
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(Figure 5D, p=0.01), while treatment with 1.4nmol 2H7-Fc-C825 treatment was no better 

than with 1F5-SA (p=0.24). In this experiment, all 40 mice in 4 control groups died of 

progressive tumor growth before day 25 (Figure 5D).

Similarly encouraging efficacy of bispecific PRIT was demonstrated in an experiment in 

mice bearing Granta-519luc xenografts where 90–100% of mice were cured with 25.9–

37MBq (700–1000μCi) of 90Y-DOTA-biotin (Figure 6A, 6B and 6C), sharply contrasting 

with the rapid tumor growth and death observed in all 20 mice in two control groups. (Figure 

6A and 6B, p<0.0001).

Toxicity

PRIT was well tolerated at doses up to 37MBq (1000μCi) of 90Y-DOTA-biotin, with 

negligible weight loss using either bispecific Ab or SA-biotin methods (Supplemental Figure 

S4). No significant evidence of renal or hepatic toxicity was observed by monitoring serial 

transaminase, alkaline phosphatase, blood urea nitrogen, or creatinine (not shown). 

Myelosuppression was minimal with bispecific Ab PRIT with very minor changes in the 

leukocyte, platelet, or red blood cell counts (Supplemental Figure S5). In contrast, SA-biotin 

PRIT produced more marked myleosuppression in three toxicity experiments. With SA-

biotin PRIT, nadir WBC counts dropped to 10% of baseline, while with bispecific PRIT, the 

WBC dropped to 49% of baseline (p<0.0001). Hematocrits dropped to 52% of baseline with 

SA-biotin PRIT compared to 86% of baseline with bispecific PRIT (p<0.0001), and platelet 

counts dropped to 22% of baseline with SA-biotin PRIT compared to no decrement in 

platelets (100% of baseline) with bispecific PRIT (p<0.0001, Supplemental Figure S5).

DISCUSSION

Despite rapid advancements in the management of B cell malignancies using 

chemotherapeutic agents, monoclonal antibodies, RIT, and kinase inhibitors, approximately 

25% of patients with NHL still succumb to the disease.(1) Anti-CD20 RIT is an 

underutilized modality that has a unique mechanism of action and the potential to eradicate 

disease in patients who are refractory to other forms of treatment when the therapeutic ratio 

is optimized. RIT with beta-particle emitting radioisotopes such as 90Y kills tumor cells by 

inflicting multiple single strand (and to a lesser degree, double strand) DNA breaks. Multi-

step PRIT is designed to overcome limitations associated with conventional directly 

radiolabeled antibody by facilitating dose escalation and enhancing efficacy. Many 

investigators have demonstrated the dramatic superiority of PRIT compared to conventional 

RIT in preclinical models(35–40). However, no comparative studies have been published 

rigorously comparing competing PRIT technologies to provide objective insight into the 

approach that should be preferentially translated into human clinical trials. This manuscript 

provides for the first time, to our knowledge, head-to-head comparisons of the two most 

widely used systems for pretargeting, namely SA-biotin and bispecific Ab PRIT. The SA-

biotin approach has been widely tested and demonstrates striking efficacy, but has been 

criticized because SA is a highly immunogenic bacterial protein that may limit the ability to 

administer repeated cycles of therapy.(18, 41, 42) This potential limitation may be mitigated, 

however, in patients with hematologic malignancies, since their immunocompromised status 
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may render them incapable of responding to foreign immunogens. A second potential 

limitation of SA-biotin PRIT is the presence of endogenous biotin in the blood and tissues of 

patients, which theoretically could occupy SA binding sites, blocking binding of 

subsequently administered radio-biotin compounds. Several approaches have been proposed 

to circumvent the disadvantages of SA-biotin PRIT, including the genetic engineering of less 

immunogenic versions of SA(43, 44) and of mutant SA-molecules with a lower binding 

avidity for endogenous biotin, which nevertheless retain high avidity binding for synthetic, 

divalent radio-biotin ligands.(45–47) Despite these refinements to the SA-biotin PRIT 

approach, alternative methodologies are desirable. Bispecific Ab PRIT approaches appear 

particularly attractive, since they can easily be generated with non-immunogenic human or 

humanized antibodies and are not impacted by endogenous biotin.

In the studies described here, SA-biotin and bispecific approaches were both well tolerated, 

with minimal weight loss and no evidence of toxicity to normal organs in animals monitored 

for >150 days after 90Y construct infusions up to 37MBq (1000μCi). Initial biodistribution 

experiments demonstrated tumor-to-kidney uptake ratios that were 5:1 24-hours after 90Y-

DOTA-biotin pretargeted by 1F5-SA (not shown). This finding was consistent with previous 

biodistribution experiments reported by our group demonstrating the kidney as the normal 

organ with the highest nonspecific radiation uptake after 1F5-SA-biotin PRIT (tumor-to-

kidney ratios as low as 6:1 at 24-hours after the radiolabeled moiety was infused)(48). While 

no evidence of long term renal toxicity has been observed in SA-biotin PRIT therapy studies 

with infusions up to 44.4MBq (1200μCi)(49, 50), the kidney has represented the organ 

which would most likely define dose limiting toxicity in a SA-biotin PRIT clinical trial. In 

contrast, the biodistribution studies using 2H7-Fc-C825 PRIT described here demonstrate a 

tumor-to-kidney ratio of 21:1 after 24-hours (Figure 4A). This relative renal sparing may 

facilitate dose escalation in future clinical studies.

Myelosuppression was significantly more pronounced with SA-biotin PRIT (Supplemental 

Figure S5), presumably a consequence of the somewhat higher levels of blood radioactivity 

(Figure 4C and 4D) compared with that of bispecific PRIT. At day 14, the mice receiving 

37MBq of 90Y pretargeted by 2H7-Fc-C825 FP had WBC, HCT and platelet counts that 

were 49%, 100% and 86% of baseline respectively (Supplemental Figure S5) while those 

receiving the same amount of 90Y using the SA-biotin approach had counts that were 10%, 

22% and 52% of their baseline values (p<0.0001 for all comparisons to FP counts). In 

clinical settings, reduced myelosuppression may translate into lower rates of infection, fewer 

bleeding complications and improved outcomes. Moreover, while the incidence of secondary 

malignancies, including myelodysplastic syndrome, after conventional anti-CD20 RIT is not 

greater than that observed following other forms of chemotherapy(51) (3.5% following 131I-

tositumomab(51); 2.5% following 90Y-ibritumomab tiuxetan(52)), the relative sparing of 

bone marrow from nonspecific radiation exposure after 2H7-Fc-C825 FP PRIT may reassure 

treating clinicians concerned about treatment associated myelotoxicity.

A potential limitation to PRIT treatment regimens is the inherent complexity that is 

unavoidable in a multi-step process. A potential advantage associated with bispecific PRIT 

is the relative simplicity of CA synthesis. Production of the DYD CA(28) involves 

straightforward chemistry that facilitates inexpensive large scale production. In contrast, the 
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SA-biotin system requires a synthetic N-acetyl-galactosamine CA consisting of a biotin 

joined through a modified aminocaproyl spacer to a core of a 4th generation dendrimeric 

backbone(53) and as consequence, production is more complex and costly.

Taken together, the results presented in this report confirm the highly specific targeting of 

radioactivity with both PRIT methods, although tumor-to-normal organ radioactivity ratios 

were superior with the bispecific approach. Therapeutic efficacy was similar with bispecific 

Ab and SA-biotin PRIT when the targeting first-step reagents were used at equimolar doses 

(1.4nmol), with 50–100% of animals cured with 37MBq (1000μCi) of 90Y in four 

consecutive experiments using two different lymphoma xenograft models (e.g. Figure 5B). 

When the dose of 2H7-Fc-C825 was doubled to 2.8nmol to adjust for the difference in 

valency between the 1F5-SA conjugate (tetravalent binding to 90Y-DOTA-biotin) and 2H7-

Fc-C825 (bivalent binding to 90Y-DOTA), the therapeutic efficacy was superior with the 

bispecific approach (Figure 5D).

In conclusion, both SA-biotin PRIT and bispecific Ab PRIT are safe and highly effective 

methods of curing mice bearing B cell lymphoma xenografts, but the bispecific Ab approach 

is preferred for future clinical trials because of a superior biodistribution profile, less 

myelosuppression, and improved efficacy when used at equivalent valency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Figure 1A,B. Schema comparing SA-biotin multistep pretargeted radioimmunotherapy 

(PRIT) (A) and 2H7-Fc-C825 bispecific FP PRIT (B). Infusion of the anti-CD20 construct is 

followed by injection of a synthetic CA (N-acetylgalactosamine or DOTAY-dextran) and 

then infusion of the radiolabeled small molecule.
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Figure 2. 
Figure 2A. Schematic of the 2H7-Fc-C825 (anti-CD20 x anti-Y-DOTA) bispecific Fc fusion 

antibody gene. An anti-human CD20 2H7 scFv gene and an yttrium-DOTA capturing C825 

disulfide-stabilized scFv (ds-scFv) gene were fused to the human IgG1 Fc fragment at the 

amino and carboxyl ends, respectively. An N-linked glycosylation containing linker (NLG) 

was incorporated between the Fc and C825 ds-scFv domains, as shown.

Figure 2B. SDS-PAGE analysis of the 2H7-Fc-C825 FP. Bispecific 2H7-Fc-C825 fusion 

polypeptides expressed in CHO-DG44 cells spontaneously formed dimers via the hinge 

regions. Two batches of 2H7-Fc-C825 FP (5μg) were analyzed by electrophoresis on a 4–

20% MES SDS PAGE gel (Invitrogen). Lanes 1 and 5: Seeblue marker proteins; Lanes 2 and 

6 show the non-reduced 2H7-Fc-C825 FP (samples boiled); Lanes 3 and 7 show the 

monomeric 2H7-Fc-C825 FP (samples boiled and reduced with 2-mercaptoethanol); Lane 4 

is empty. The gel was stained with Coomassie blue.

Figure 2C. Flow Cytometric Analysis of Binding of Purified 2H7-Fc-C825 FP to cells 

transduced to express hCD20 (EL4-CD20, [black]) and to untransduced (control) EL4 cells 

(red). EL4 or EL4-CD20 cells (0.5x106 each) were incubated in 100μl of HBSS buffer 

containing 2% FBS and treated with 1.8μg of the 2H7-Fc-C825 FP for 30 min at 4°C. After 

washing, the cells were mixed with 2 μl of PE-anti-human Fc antibody in 40μl of HBSS-2% 

FBS buffer for 30 min at 4°C. After washing 3x,cells were re-suspended in 400μl of PBS 

buffer containing 1% of formaldehyde and analyzed on a Guava cytometer.

Figure 2D. Sandwich ELISA assay demonstrating concentration-dependent binding of the 

2H7-Fc-C825 FP to microtiter wells coated with the Y-DOTA ligand. A 96-well plate was 

coated with 70μl of the BSA-Y-DOTA conjugate (1μg/ml in PBS) and then blocked with 

200μl of 2% BSA in PBS buffer. After washing, the wells were treated with 100μl of fusion 
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proteins at a concentration of 16μg/ml followed by serial dilution as indicated. The plate was 

further treated with HRP-anti-human Fc antibody followed by TMB. A control FP shows no 

binding to Y-DOTA.
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Figure 3. Optimization of DOTAY-Dextran CA Dose
Figure 3A. Blood clearance of circulating C825-Fc-2H7 FP by various doses of DOTAY-

Dextran CA. Mice were injected with 1.4nmol of the 2H7-Fc-C825 fusion protein FP 

followed by 0, 5, 16 or 32μg of DOTAY-Dextran CA 23-hours later. One hour later, 2.4nmol 

of 90Y-DOTA-Biotin was injected. Blood was collected after 0.08, 0.5, 1, 4, and 24-hours 

following injection of radioactivity. Results represent the calculated percentages of the 

injected dose per gram of tissue (%ID/g, ±SD; n=3) after corrections for decay and 

background subtraction (red square, diluent; filled circle, 5μg DYD; diamond, 16μg DYD; 

triangle, 32μg DYD).

Figure 3B. Biodistribution of 90Y-DOTA-Biotin in organs of mice bearing subcutaneous 

Ramos xenografts following injection of various doses of DOTAY-Dextran CA. Mice were 

injected with 1.4nmol of 2H7-Fc-C825 followed by 0, 5, 16, or 32μg of DOTAY-Dextran CA 

23-hours later. One hour after injection of DOTAY-Dextran, 2.4nmol of 90Y-DOTA-Biotin 

was injected. Tissues were harvested 24-hours after the injection of radioactivity. Results 

represent the calculated mean percentages of the injected dose per gram of tissue (%ID/g, 

±SEM; n=3) after corrections for decay and background.
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Figure 4. 
Figure 4A,B. Biodistribution of 90Y-DOTA-Biotin in mice bearing subcutaneous Ramos 

xenografts. Mice were injected with 1.4nmol of 2H7-Fc-C825 (A) or 1.4nmol of the control, 

non-binding CC49-Fc-C825 FP (B) followed by 5μg DOTAY-Dextran 23-hours later. One 

hour after the DOTAY-Dextran, 2.4nmol of 90Y-DOTA-Biotin was injected. Tissues were 

harvested 4, 24, 48 and 120-hours after injection of radioactivity. Results represent the 

%ID/g (±SEM; n=5) after corrections for decay and background subtraction.

Figure 4C, D. Biodistribution of 90Y-DOTA-Biotin in mice bearing subcutaneous Ramos 

xenografts (C) or Granta-519 xenografts. Mice were injected with 1.4nmol of 2H7-Fc-C825 

(anti-CD20 bispecific), CC49-Fc-C825 (non-binding control bispecific antibody), 1F5-SA 

(anti-CD20-streptaviding conjugate) or HB8181-SA (non-binding control antibody-

streptavidin conjugate), followed 23-hours later by either 5μg DOTAY-Dextran CA (for 

bispecific antibodies) or 5.8nmol NAGB CA (for antibody-streptavidin conjugates). One 

hour after injection of the CA, 2.4nmol of 90Y-DOTA-Biotin was administered. Tissues were 

harvested 4, 24, 48 and 120-hours after injection of radioactivity. Results represent the 

calculated %ID/g(±SEM; n=5) after corrections for decay and background subtraction.
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Figure 5. 
Figure 5A, B. Comparison of tumor growth (A) and survival (B) in athymic mice bearing 

subcutaneous Ramos xenografts treated with either bispecific antibody PRIT or streptavidin-

biotin PRIT. Mice were injected with 1.4nmol of 2H7-Fc-C825 (anti-CD20 bispecific), 

CC49-Fc-C825 (non-binding control bispecific antibody), 1F5-SA (anti-CD20-streptaviding 

conjugate) or HB8181-SA (non-binding control antibody-streptavidin conjugate), followed 

23-hours later by either 5 μg DOTAY-Dextran CA (for bispecific antibodies) or 5.8 nmol 

NAGB CA (for antibody-streptavidin conjugates). One hour later, 2.4nmol DOTA-Biotin 

radiolabeled with various amounts of 90Y was injected. Tumor growth results represent the 

mean tumor volume of Ramos xenografts (±SEM; brown, no treatment; green, 1000μCi 90Y 

following 1.4 mol CC49-Fc-C825 ; blue, 1000μCi 90Y following 1.4nmol HB8181-SA; red, 

1000μCi 90Y following 1.4nmol 1F5-SA; black, 400μCi 90Y following 1.4nmol 2H7-Fc-

C825 ; orange square, 700μCi 90Y following 1.4nmol 2H7-Fc-C825 ; magenta, 1000μCi 90Y 

following 1.4nmol 2H7-Fc-C825).

Figure 5C. Comparison of Tumor Growth of Ramos xenografts in Athymic mice injected 

with either 1.4 or 2.8nmol 2H7-Fc-C825 (anti-CD20 Bispecific Ab) or CC49-Fc-C825 

(Control Bispecific Ab), 1.4nmol 1F5-SA (Anti-CD20-streptavidin conjugate), or 1.4nmol 
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HB8181-SA (control Ab-streptavidin conjugate), followed 23-hours later by either 5μg 

DOTAY-Dextran (for bispecific antibodies) or 5.8nmol NAGB (for Ab-streptavidin 

conjugates). One hour later 2.4nmol of 90Y-DOTA-Biotin radiolabeled with 1000μCi was 

administered. Results represent the mean tumor volume of Ramos xenografts (±SEM; n=10; 

brown, no treatment; magenta, 1.4nmol CC49-Fc-C825 ; green, 2.8nmol CC49-FC-C825 ; 

black, 1.4nmol 2H7-Fc-C825 ; orange, 2.8nmol 2H7-Fc-C825 ; blue, 1.4nmol HB8181-SA; 

red, 1.4nmol 1F5-SA).

Figure 5D. Comparison of survival of athymic mice bearing subcutaneous Ramos xenografts 

treated with various doses of bispecific antibody PRIT or streptavidin-biotin followed by 

1000μCi of 90Y-DOTA-biotin. Mice were treated as described in the legend to figure 5A.
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Figure 6. 
Figure 6A, B. Tumor growth (A) and survival (B) n athymic mice bearing subcutaneous 

Granta-519luc xenografts treated with bispecific Ab PRIT. Groups of 10 mice each were 

injected with 1.4nmol of either 2H7-Fc-C825 (Anti-CD20 bispecific) or CC49-Fc-C825 

(control bispecific antibody) followed 23-hours later by 5μg of DOTAY-Dextran CA to 

remove excess circulating FP from the circulation. One hour later, 2.4nmol of 90Y-DOTA-

biotin radiolabeled with either 700 or 1000μCi of 90Y was injected. Results represent the 

mean tumor volume of Granta-519luc xenograft mice (±SEM; n=10; brown, no treatment 

control; green, 1000μCi 90Y following 1.4nmol CC49-Fc-C825; orange, 700μCi 90Y 

following 1.4nmol 2H7-Fc-C825 ; magenta, 1000μCi 90Y following 1.4nmol 2H7-Fc-C825).

Figure 6C. Whole-body ventral BLI images (from mice treated as described in the legend to 

Figure 6A) obtained on day 15 (top) demonstrate signal corresponding with measurable 

disease in the left flank subcutaneous Granta-519luc xenograft tumors of animals receiving 

nonbinding control FP (CC49-Fc-C825). At the same timepoint, no tumors were identified 

in mice pretargeted with 2H7-Fc-C825 followed by 1000μCi of 90Y-DOTA-biotin, and one 

mouse in the treatment group receiving 700μCi of 90Y-DOTA-biotin (animal #5) had 

measurable disease that was regressing. Day-64 imaging (bottom) of all surviving animals 

revealed no measurable disease. The imaging data were normalized to the same scale for 

each timepoint.
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Table 1

Absorbed Radiation Doses

Tissue 2H7C825 CC49C825 T:N ratios for 2H7-C825 T:N ratios for CC49-C825

Blood 0.363 0.236 21.43 1.60

Lung 2.44 1.92 3.19 5.08

Liver 1.41 1.08 5.52 2.86

Spleen 1.51 1.1 5.15 2.91

Stomach 0.09 0.098 86.44 0.26

Kidneys 0.313 0.25 24.86 0.66

Small Intestine 0.101 0.122 77.03 0.32

Large Intestine 0.254 0.227 30.63 0.60

Muscle 0.205 0.125 37.95 0.33

Femur 0.069 0.112 112.75 0.30

Tail 0.121 0.094 64.30 0.25

Carcass 0.267 0.051 29.14 0.13

Tumor 7.78 0.378 1.00 1.00

Absorbed Dose/μCi
The methods are those described by Hui et al (Hui, TE, Fisher DR, Kuhn JA, Williams LE, Nourigat C, Badger CC, Beatty BG, Beatty JD. A 

Mouse Model for Calculating Cross-Organ Beta Doses from 90Y-Labeled Immunoconjugates. Cancer 73(3Suppl):951–957, 1994). This method 
takes into account the beta particle absorbed fractions for small organs. The results are given as radiation absorbed dose (centigray) per unit 
administered activity (per microcurie).
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