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Abstract

Antibody-mediated tumor delivery of cytokines can overcome limitations of systemic 

administration (toxicity, short half-lives). Previous work showed improved anti-tumor potency 

of anti-CD20-interferon alpha (IFNα) fusion proteins in preclinical mouse models of B-cell 

lymphoma. Although tumor targeting is mediated by the antibody part of the fusion protein, the 

cytokine component might strongly influence biodistribution and pharmacokinetics, as a result of 

its affinity, size, valency and receptor distribution.

Corresponding author: Kirstin A Zettlitz, Beckman Research Institute, City of Hope, 1500 East Duarte Road, Duarte, CA 91010. 
Phone: +1 (626) 218 6358; kzettlitz@coh.org.
Author contributions:

• Conception and Design (KAZ, JMT, SLM, AMW)

• Development of methodology (KAZ)

• Acquisition of data (KAZ, FBS, AV)

• Analysis and interpretation of data (KAZ, AMW)

• Writing, review and /or revision of the manuscript (KAZ, FBS, REY, AV, JMT, SLM, AMW)

• Administrative, technical, or material support (FBS, KRT, AV, REY)

• Study supervision (KAZ, AMW)

Conflict of interest disclosure statement:
JM Timmerman reports receiving commercial research grants from Bristol-Myers Squibb, Kite Pharma, and Valor Biotherapeutics, 
and is a consultant/ advisory board member for Celgene and Seattle Genetics. SL Morrison holds ownership interest and is a 
consultant/advisory board member for Qwixel Therapeutics. AM Wu holds ownership interest in and is a consultant/advisory board 
member for ImaginAb, Inc.
All other authors declare no potential conflicts of interest.
All authors have approved the final version submitted for publication and affirm that no part of the manuscript is under consideration, 
in press, published or reported elsewhere.

HHS Public Access
Author manuscript
Mol Cancer Ther. Author manuscript; available in PMC 2022 October 01.

Published in final edited form as:
Mol Cancer Ther. 2022 April 01; 21(4): 607–615. doi:10.1158/1535-7163.MCT-21-0732.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Here, we used positron emission tomography (immunoPET) to study the in vivo biodistribution 

and tumor targeting of the anti-CD20 rituximab-murine IFNα1 fusion protein (Rit-mIFNα) and 

compared it to the parental mAb (rituximab, Rit). Rit-mIFNα and Rit were radiolabeled with 

zirconium-89 (89Zr, t1/2 78.4 h) and injected into C3H mice bearing syngeneic B-cell lymphomas 

(38C13-hCD20). Dynamic (2 h p.i.) and static (4, 24 and 72 h) PET scans were acquired. Ex vivo 

biodistribution was performed after the final scan.

Both 89Zr-Rit-mIFNα and 89Zr-Rit specifically target hCD20-expressing B-cell lymphoma in 

vivo. 89Zr-Rit-mIFNα showed specific uptake in tumors (7.6 ±1.0 %ID/g at 75 h p.i.), which 

was significantly lower than 89Zr-Rit (38.4 ±9.9 %ID/g, p<0.0001). ImmunoPET studies also 

revealed differences in the biodistribution, 89Zr-Rit-mIFNα showed rapid blood clearance and 

high accumulation in the liver compared with 89Zr-Rit. Importantly, immunoPET clearly revealed 

a therapeutic effect of the single 89Zr-Rit-mIFNα dose, resulting in smaller tumors and fewer 

lymph node metastases compared to mice receiving 89Zr-Rit. Mice receiving 89Zr-Rit-mIFNα had 

enlarged spleens, suggesting that systemic immune activation contributes to therapeutic efficacy in 

addition to the direct antitumoral activity of IFNα.

In conclusion, immunoPET allows the non-invasive tracking and quantification of the antibody-

cytokine fusion protein and helps understand the in vivo behavior and therapeutic efficacy.
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INTRODUCTION

The anti-CD20 monoclonal antibody (mAb) rituximab (in combination with chemotherapy) 

has substantially improved therapy outcomes in a range of B-cell lymphomas and B-cell 

chronic lymphocytic leukemias (B-CLL) (1-3). However, a continuing challenge remains 

for finding effective therapies for “rituximab-refractory” patients who fail to respond to 

rituximab treatment or, more commonly, relapse (4).

One approach to improve the efficacy of CD20-targeted therapy is by combining the tumor-

specific antibody with immune-modulating cytokines (5-7). Cytokines such as interferons 

and interleukins can activate and modulate both the innate and adaptive immune system 

(8-10). Recombinant IFNα (Intron®-A, Roferon®-A) and IL-2 (Proleukin®, aldesleukin) 

are approved for the treatment of malignancies and many more cytokines (interferons, 

interleukins, and members of the TNF family) are in clinical trials. Major limitations for 

the therapeutic use of cytokines, such as their short half-life and dose-limiting systemic 

toxicities, could be overcome by targeted delivery via combination with antibodies. 

Antibody-cytokine fusion proteins or immunocytokines accumulate the cytokine at the 

tumor site and lower systemic toxicity (7,11,12). Several immunocytokines, based on full-
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length antibodies or antibody fragments, and fused with a variety of cytokines, have entered 

clinical trials for cancer immunotherapy (7).

This work focuses on an immunocytokine composed of an antibody (rituximab-based) that 

binds to the CD20 antigen on B-cell lymphoma and the type-I interferon alpha (IFNα), 

genetically fused to the C-terminus of the IgGs heavy chain (Rit-IFNα). The type-I 

interferon families (both murine and human) comprise at least 13 functional IFNα subtypes 

that recognize the heterodimeric IFNα/β receptor (consisting of IFNAR1 and IFNAR2 

subunits). Most cell types bind IFN, however, binding affinities (nM-pM), the number of 

binding sites (200-10,000 per cell), and the duration (t1/2) of activation can modulate the 

response. Binding of IFNα to tumor cells results in direct growth inhibition by inducing 

G2M cell cycle arrest and apoptosis. In addition, IFNα can have systemic effects by 

modulating the innate immune response (NK cells, macrophages, enhanced ADCC, antigen 

presentation) and by activating the adaptive immune system (antigen-specific T- and B-cell 

responses, immunological memory) (9).

Previous studies by Xuan et al., 2010 compared anti-CD20-mIFNα (murine IFNα1) 

and anti-CD20-hIFNα (human IFNα2a) to non-targeted immunocytokine and free IFNα, 

showing that both local tumor antigen and IFNAR expression are required for the potent 

anti-tumor activity against B-cell lymphoma (13). While the bioactivity of the fused IFNα 
is reduced compared with free IFNα, the anti-proliferative activity is higher than the non-

targeted control immunocytokine. Importantly, efficient tumor eradication with no systemic 

toxicity was observed with repeated dosing of anti-CD20 Rit-IFNα (13,14).

The extended half-life of 6-8 h for Rit-IFNα lies between the reported half-life for 

recombinant IFNα (human or murine) in mice of less than 1 hour (15,16) and half-lives 

of 6-8 days for human IgG1 antibodies in adult mice (17). This raises several questions: 

for example, does IFN binding to its receptor affect the biodistribution and does the 

larger molecular size impair tumor targeting or uptake of Rit-IFNα. Non-invasive whole-

body imaging using a residualizing radiometal could visualize differences in the in vivo 

behavior of these complex molecules. Therefore, this study uses immunoPET imaging 

with 89Zr-radiolabeled anti-CD20 immunocytokines (zirconium-89, t1/2=78.4 h) to assess 

in vivo pharmacokinetics, tumor targeting and biodistribution. Furthermore, we compared 

immunocytokines to species-specific variants and the parental antibody (human IgG1 vs 

mouse IgG2a and mouse IFNα1 vs human IFNα14).

MATERIALS AND METHODS

Cell lines and syngeneic mouse model

All procedures performed in studies involving animals were in accordance with the ethical 

standards of the University of California Los Angeles Animal Research Committee and were 

approved by the Institutional Animal Care and Use Committee.

The C3H syngeneic B-cell lymphoma cell line 38C13 expressing human CD20 (38C13-

hCD20) was previously described (18). Briefly, the 38C13 cells transduced with a lentivirus 

encoding the gene sequence for human CD20 (gift from Josée Golay, Bergamo, Italy (19)), 
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was sorted (UCLA Cancer Center Flow Cytometry Core) to yield the high-expressing line 

38C13-hCD20. 38C13 and 38C13-hCD20 were cultured in RPMI 1640 (Life Technologies) 

supplemented with 10% FBS and 50 μmol/L 2-mercaptoethanol for up to 5 passages before 

tumor implantation. Cell authentication and mycoplasma testing was not performed.

Fluorescence quantitation was performed using the Quantum Simply Cellular (QSC) anti-

Human IgG Kit (Bangs Laboratories, Inc) to determine the antibody binding capacity (ABC) 

of human CD20 expressing cells.

C3Hf/Sed/Kam mice were bred and housed in the UCLA Defined Pathogen Colony. Female 

mice (6-8 weeks old) were injected subcutaneously (s.c.) on the hind flank or in the shoulder 

area with 5 x 103 38C13-hCD20 cells in 200 μL HBBS (Hank’s balanced salt solution).

Antibodies and immunocytokines

Rituximab (Rit) was commercially obtained. Cloning, production and purification of 

anti-CD20 antibodies and anti-CD20 antibody fusion proteins were previously described 

(13,20,21). Briefly, DNA encoding for mature mouse IFNɑ1 (mIFNɑ1) or human IFNɑ14 

(hIFNɑ14) was fused to the C-terminus of the IgG CH3 via a (G4S)-linker. Antibodies and 

immunocytokines were purified by protein A affinity chromatography.

DFO conjugation and biochemical characterization

Coupling of p-SCN-Bn-Deferoxamine (SCN-DFO, Macrocyclics, B-705) to lysine side 

chains was done by incubating protein at 2 mg/mL (adjusted to pH 9.0 using 0.1 M 

sodium carbonate buffer (Na2CO3)) with 5-fold molar excess chelator for 1 hour at room 

temperature. Free SCN-DFO was removed using size exclusion spin columns calibrated with 

PBS (Micro Bio-Spin® Columns with Bio Gel® P-6, Bio-Rad). Site-specific conjugation 

to free thiol-groups using Deferoxamine-maleimide (mal-DFO, Macrocyclics, B-772) was 

preceded by partial reduction of the interchain disulfide bonds (2.75-fold mole equivalents 

of TCEP, tris(2-carboxyethyl)phosphine), 0.5 h, room temperature. Mal-DFO was incubated 

with reduced protein at 5-fold molar excess for 2 h at room temperature and free mal-DFO 

was removed as described above.

Successful conjugation of chelator to the antibodies or immunocytokines was analyzed by 

SDS-PAGE under reducing and nonreducing conditions. Retained antibody integrity was 

confirmed by size exclusion chromatography (Superdex200 10/30 on an Äkta purifier) with 

PBS as mobile phase.

89Zr-radiolabeling and immunoreactivity
89Zr-radiolabeling was performed as described by Vosjan et al (22) using 300 μCi/11.1 MBq 

per 50-70 μg protein. Removal of free radiolabel and buffer exchange were performed 

as described above. Labeling efficiency and radiochemical purity were determined by 

instant thin layer chromatography (ITLC strips for monoclonal antibody preparation, Biodex 

Medical Systems) with 20 mM citric acid as solvent and strips were gamma counted (Wallac 

Wizard 1480 3” Automatic Gamma Counter, Perkin Elmer).
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Immunoreactivity of 89Zr-labeled proteins was determined by incubating trace amounts of 

antibody with excess antigen expressing 38C13-hCD20 cells (1 h, room temperature) and 

measuring activity in supernatant vs cell bound activity. Binding of the IFNα portion and 

non-specific binding of the antibodies was assessed using hCD20-negative 38C13 cells.

ImmunoPET/CT imaging and ex vivo biodistribution

Imaging studies were initiated day 10-14 post tumor implantation. Groups of 4 mice were 

injected via the tail vein with 89Zr-Rit or 89Zr-anti-CD20-IFNα (10 μg protein/1.1-2.2 

MBq). A third group received a higher protein dose of 89Zr-Rit-IFNα (50 μg/2.2 MBq). 

Mice were anesthetized (2% isoflurane) and 2-hour dynamic PET scans (Inveon, Siemens) 

were acquired for one mouse in each group, followed by 10-min static scans at 4, 24 and 75 

h. Each PET scan was followed by a CT scan (CrumpCAT; UCLA in-house small-animal 

CT scanner). PET images were reconstructed using OSEM3D MAP algorithm and presented 

as whole-body maximum intensity projection (MIP) PET/CT overlays. Image analysis and 

display was conducted using AMIDE (23).

For ex vivo biodistribution studies, tissues were dissected and gamma counted. Percent 

injected dose per gram (%ID/g) was calculated using a decay-corrected standard and the 

tissue weight.

Statistical analysis

Data are reported as mean ± SD unless stated otherwise. Statistical significance was 

calculated using Two-Way ANOVA, corrected for multiple comparisons using the Tukey 

test (Prism 8 for macOS, GraphPad Software).

Data availability statement

The data generated in this study are available within the article and its supplementary data 

files.

RESULTS

Conjugation and radiolabeling of Rit-mIFNα fusion protein

Anti-CD20 antibody Rituximab (Rit) and antibody-murine interferon alpha fusion 

protein (Rit-mIFNα) were conjugated to the amine-reactive chelator isothiocyanabenzyl-

deferoxamine (p-SCN-Bn-DFO) for subsequent 89Zr chelation. Conjugated antibodies were 

analyzed by SDS-PAGE and compared to their unconjugated counterparts (Fig1A). Under 

non-reducing (NR) conditions the DFO-conjugates migrate with slightly higher molecular 

weight. Under reducing (R) conditions the higher molecular weight is mostly associated 

with the heavy chain band. Size exclusion chromatography shows DFO-conjugated 

antibodies eluted as a distinct peak with similar elution times compared to the unconjugated 

antibodies (Fig1B).

DFO-conjugated Rit and Rit-mIFNα were radiolabeled with 89Zr with no significant 

differences in labeling efficiency, specific activity, radiochemical purity or immunoreactivity 

to hCD20-positive cells (38C13-hCD20, supplementary Table S1). While 89Zr-DFO-mRit 
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showed minimal background binding to hCD20-negative 38C13 cells, the 89Zr-DFO-Rit-

mIFNα fusion protein confirmed IFNα-mediated binding (44.6 ±3.3%) to IFN-receptor 

expressed by 38C13 cells.

Quantitative flow cytometry using standardize fluorescence intensity measurements (QSC 

anti-human IgG beads) determined an antibody binding capacity (ABC) value of 145 ± 13 x 

103 for 38C13-hCD20 (n=3).

Differences in biodistribution of 89Zr-DFO-Rit and 89Zr-DFO-Rit-mIFNα fusion protein are 
visualized using immunoPET

Dynamic PET scans (0-120 min p.i.) of mice injected with 10 μg/2.2 MBq 89Zr-DFO-Rit-

mIFNα or 89Zr-DFO-Rit showed profound differences in the in vivo biodistribution (Fig2). 

Fast clearance from the blood pool and accumulation in the liver and spleen was observed 

for 89Zr-DFO-Rit-mIFNα (Fig2A). In contrast, 89Zr-DFO-Rit remained in circulation, with 

activity visible in the blood pool (Fig2B) at all time points, as expected for a full-length IgG. 

Accumulation of 89Zr-DFO-Rit in the liver and clearance through the hepatobiliary route 

was lower compared with the cytokine-fusion protein.

Therapeutic efficacy of 89Zr-DFO-Rit-mIFNα against B-cell lymphoma are visualized using 
immunoPET

In addition to the low imaging dose (10 μg) of 89Zr-DFO-Rit-mIFNα and control 89Zr-DFO-

Rit, a separate group of mice (s.c. 38C13-hCD20) was injected with a single therapeutic 

dose (50 μg) of 89Zr-DFO-Rit-mIFNα. Static 10-min PET scans were acquired at 4, 24 and 

75 h p.i. (Fig3). Similar to the low dose group, accumulation of 89Zr-DFO-Rit-mIFNα was 

observed in the liver peaking at 4 h p.i. and decreasing at 24 h and 75 h p.i. (Fig3A). For 

both doses, clearance through the hepatobiliary route and excretion of activity with the feces 

is visible in the gastrointestinal tract. The higher dose (50 μg) of 89Zr-DFO-Rit-mIFNα 
resulted in more activity accumulating in the liver and being excreted through the intestines 

(Fig3B). Tumor uptake could be seen as early as 4 h p.i. for both the imaging (10 μg) 

and the therapeutic single dose (50 μg) and increased over time. In addition, tumor growth 

inhibition was evident for both dose levels of 89Zr-DFO-Rit-mIFNα (Fig3 and see below). 

In contrast, 89Zr-DFO-Rit (10 μg) immunoPET revealed higher tumor uptake compared with 

the IFN-fusion proteins (Fig3C). Despite a higher fraction of antibody accumulating in the 

tumor over time, no growth inhibition was observed. Furthermore, tumor-infiltrated lymph 

nodes are visible at 24 h post tracer injection (day 11 post injection of 38C13-hCD20 cells) 

and the number of lymph nodes showing uptake of 89Zr-DFO-Rit increased up to the last 

imaging time point with 11 positive LN detected at 75 h p.i. (compared to 0 and 1 positive 

lymph nodes detected in the 10 and 50 μg 89Zr-DFO-Rit-mIFNα groups, respectively). 

Blood pool activity (heart and vena cava) of 89Zr-DFO-Rit is higher and activity in the liver 

is lower compared with 89Zr-DFO-Rit-mIFNα.

Ex vivo biodistribution and blood clearance

Ex vivo biodistributions were performed following the last immunoPET scan (75 h p.i.) 

and confirmed differential biodistribution for 89Zr-DFO-Rit-mIFNα (10 μg imaging dose 

and 50 μg therapeutic single dose) and parental control 89Zr-DFO-Rit (10 μg) (Fig4A 
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and Table1). The percent injected dose per gram tissue (%ID/g) values in the liver were 

significantly higher for mice injected with 10 or 50 μg of 89Zr-DFO-Rit-mIFNα (12 

±0.3 and 13.5 ±0.6 %ID/g, respectively) compared with 89Zr-DFO-Rit (1.8 ±0.3 %ID/g, 

p<0.0001). Concordantly, retention in the blood was lower for 89Zr-DFO-Rit-mIFNα groups 

(1.0 ±0.1 and 1.2 ±0.0 %ID/g) compared with 4.0 ±0.8 %ID/g 89Zr-DFO-Rit (p=0.0465). 

The parental control 89Zr-DFO-Rit showed higher tumor uptake (38C13-hCD20, 38.4 ±5.0 

%ID/g, p<0.0001) while no difference between the 89Zr-DFO-Rit-mIFNα dose groups was 

observed (10 μg, 7.6 ±0.5 %ID/g and 50 μg, 8.7 ±0.6 %ID/g, ns).

Despite lower tumor uptake for 89Zr-DFO-Rit-mIFNα, tumor growth inhibition was 

observed in the 89Zr-DFO-Rit-mIFNα groups with tumor weights (75 h p.i.) of 60 ± 22 

mg in the 10 μg dose group and 34 ± 8 mg in the 50 μg dose group compared with tumor 

weights of 139 ± 33 mg in the 89Zr-DFO-Rit 10 μg group (Fig4B). Further evidence of 

the bioactivity and the therapeutic effect of Rit-mIFNα was the observed increase in spleen 

weight (splenomegaly), which was significantly higher in mice injected with 10 or 50 μg of 
89Zr-DFO-Rit-mIFNα (136 ± 9 mg, p=0.0332 and 131 ± 3 mg, p=0.0002) compared with 

the 89Zr-DFO-Rit control group (74 ± 5 mg). The increased spleen weight coincides with 

a more than two-fold higher uptake (%ID per organ) of the 89Zr-DFO-Rit-mIFNα groups 

(0.34 −0.38 %ID) compared with 89Zr-DFO-Rit (0.15 ± 0.02 %ID in the spleen).

Blood samples were collected at several time points (n≥3 per group) and analyzed for 

plasma levels of radioactivity (Fig4C). The pharmacokinetic profile of 89Zr-DFO-Rit 

showed a two-phase decay with a terminal half-life (t1/2β) of 33.9 h. The terminal half-life 

for 89Zr-DFO-Rit-mIFNα fusion proteins was 15.2 h for the low dose (10 μg) and 11.2 h 

for the high dose (50 μg). The fast half-life (t1/2α) of 89Zr-DFO-Rit-mIFNα could not be 

fitted with the two-phase decay model. The major fraction of 89Zr-DFO-Rit-mIFNα cleared 

in the t1/2α phase (>90% for the low dose (10 μg) and >70% for the high dose (50 μg), while 

for the parental 89Zr-DFO-Rit approximately 50% cleared in the t1/2α phase. These results 

indicate that while 89Zr-DFO-Rit is mainly cleared through antigen-antibody interaction, 

clearance of the immunocytokines might be accelerated by binding to IFN receptors in 

addition to antigen binding.

In vivo biodistribution of immunocytokines with varying species of IFN or IgG

To investigate if biodistribution of the immunocytokines is influenced by the species, 

isoform or subtype of either the interferon or the antibody portion, we radiolabeled anti-

CD20 mIgG2a, anti-CD20 mIgG2a-mIFNα and anti-CD20 hIgG1 (Rit)-hIFNα14 in a site-

specific manner using maleimide-DFO to chelate 89Zr. Anti-CD20 hIgG1 (Rit) was included 

to show that the different radiolabeling method did not influence biodistribution or tumor 

uptake.

Successful conjugation of the maleimide-DFO to reduced disulfide bonds in the antibody 

(hinge) was confirmed by size exclusion chromatography; the added molecular weight of 

the chelator led to slightly earlier elution of the conjugated proteins and showed that the 

integrity of the IgG portion was not impaired (Fig5A).
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Radiolabeling was executed with similar labeling efficiencies (78-97%), radiochemical 

purities (82-98%) and resulted in comparable specific activities (3.0-5.6 μCi/μg, 0.111-0.207 

MBq/μg) seen with the random conjugation (SCN-DFO). Immunoreactivity ranged from 

57-79% using hCD20 positive B cells and antigen negative control cells.

Protein doses of 10 μg (1.1-2.1 MBq) were injected into mice bearing s.c. 38C13-

hCD20 tumors (n=4 per group). Dynamic PET scans (0-120 min p.i.) revealed a 

biodistribution pattern similar to the one observed for Rit and Rit-mIFNα. While 

the antibody (89Zr-malDFO-mIgG2a) was mainly visible in the blood pool (heart), 

the immunocytokines (89Zr-malDFO-mIgG2a-mIFNα and 89Zr-malDFO-hIgG1-hIFNα14) 

displayed early accumulation in the liver and uptake in the spleen (Supplemental Fig1). 

Static scans acquired at 6 and 20 h p.i. showed higher tumor uptake and lower accumulation 

in liver, spleen and kidneys for the 89Zr-labeled anti-CD20 antibodies compared with the 

respective IFN-fusion proteins (Fig5B and Supplemental Table S2).

The results confirm that binding of the interferon portion of the immunocytokine influences 

the biodistribution and that systemic immune activation (spleen) might occur.

DISCUSSION

Antibody-cytokine fusion proteins (immunocytokines) comprising a variety of antibody 

formats, target antigens and cytokine payloads, have shown promising preclinical results and 

have the potential to significantly improve the therapeutic index of cytokines that promote 

anti-tumor immune responses. Some of these immunocytokines have entered clinical trials, 

with many urgent questions remaining regarding in vivo biodistribution and mechanism of 

action (reviewed in (24).

It is generally believed that the antibody portion of immunocytokines drives tumor 

targeting and determines biodistribution. However, conjugating or fusing a cytokine to an 

antibody adds molecular mass and a second binding interaction (to the cytokine receptor). 

Additionally, the charge of the cytokine portion can change the local and/or overall 

charge of the fusion protein and cytokines are usually glycosylated. All these factors 

could influence biodistribution, tumor accumulation, clearance route and plasma half-life 

of the immunocytokine. Non-invasive molecular imaging could verify targeted delivery of 

immunocytokines to the tumor, predict toxicity and efficacy and could help guide the further 

development of immunocytokines.

In this work, we used 89Zr-immunoPET imaging to visualize the whole-body 

biodistribution, anti-tumor efficacy, and pharmacokinetics of anti-CD20 interferon-alpha 

(Rit-mIFNɑ), a preclinical precursor of IGN002 (ImmunGene), currently in clinical trials 

(25). The residualizing characteristics of the radiometal 89Zr result in retention of signal 

in tissues where the tracer is internalized and degraded, which allows the monitoring of 

clearance and excretion route (26).

ImmunoPET studies with 89Zr-labeled Rit-mIFNɑ and the parental mAb (Rit) in a syngeneic 

rituximab-insensitive B-cell lymphoma expressing human CD20 (38C13-hCD20 in C3H 

mice) revealed significant differences in the in vivo behavior of these molecules.
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The biodistribution and pharmacokinetics of 89Zr-Rit-mIFNɑ differed from the parental 

antibody 89Zr-Rit, with the fusion protein showing faster blood clearance rates (t1/2 11-15 h 

vs 34 h). This observation is in line with previously published half-lives for anti-CD20-IFNɑ 
fusion proteins of 6-8 h in mice (13). Other immunocytokines based on full-length IgG (with 

retained FcRn binding), but containing different cytokines, show similar characteristics and 

exhibit a much faster clearance rate compared with the respective intact IgG (27-29).

ImmunoPET confirmed specific accumulation of 89Zr-Rit-mIFNɑ in tumors, although at a 

significantly lower level than 89Zr-Rit (7.6 ±1.0 %ID/g vs 38.4 ±9.9 %ID/g at 75 h p.i.). 

Importantly, despite the lower tumor uptake, 89Zr-immunoPET and ex vivo biodistribution 

clearly showed a therapeutic effect for a single dose of 89Zr-Rit-mIFNɑ. Groups receiving 

10 or 50 μg of 89Zr-Rit-mIFNɑ presented smaller tumors and fewer lymph node metastases 

compared to no observable antitumoral effect in mice receiving 89Zr-Rit. Because the 38C13 

B-cell lymphoma model is rituximab insensitive, the observed antitumoral effect can be 

attributed to the cytokine portion of Rit-mIFNɑ (30). The lower tumor uptake is likely due 

to the shorter plasma half-live of the immunocytokine, although the higher molecular weight 

impairing tumor penetration and binding to receptor expressing cells elsewhere could be 

contributing factors (31).

Non-tumor tissue accumulation of 89Zr-Rit-mIFNɑ was highest in the liver and the spleen. 

Some activity is visible in the intestines indicating (at least partial) hepatobiliary clearance 

and excretion with the fecal matter. Other immunocytokines in preclinical development, e.g. 
89Zr-labeled CEA-IL2v, have shown similar tissue distribution with high liver and spleen 

uptake (28).

A fraction of liver uptake is likely interferon receptor mediated, but further studies are 

needed to confirm this possibility. The liver is the major tissue responding to IFN-Is, 

followed by kidney and spleen, as was shown in a transgenic mouse model humanized for 

type-I interferon response (16).

The notable uptake of 89Zr-Rit-mIFNɑ in the spleen, which also significantly increased in 

size, resulted in up to 5-fold higher spleen-to-blood ratios of the immunocytokine 89Zr-Rit-

mIFNɑ compared to 89Zr-Rit. This suggests that spleen uptake is driven by binding of the 

IFNɑ to its receptor on immune cells and that a systemic immune activation occurs and 

could contribute to the observed anti-tumor efficacy.

A major limitation of preclinical mouse models are species-specific differences and 

translation into clinical studies. Here, an immunocytokine containing murine IFNɑ1 was 

studied in a syngeneic mouse model because human interferons show only weak activation 

of murine IFNAR. The Fc portion could also affect biodistribution and immune activation 

(ADCC and CDC), however, the 38C13 B-cell lymphoma is rituximab insensitive and 

Fc-mediated effects were not expected. Mechanisms of rituximab action, as well as, 

mechanisms of rituximab resistance are challenging to study in vivo as they depend on the 

patient’s own immune system (32). 38C13-hCD20 cells express 145 ± 13 x 103 antigens per 

cell, which is in the range of CD20 expression levels described for most B cell lymphomas 

(65 - 300 x 103 per cell) in the literature (33). The high tumor uptake observed for 89Zr-Rit 
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suggests that down-regulation or loss of human CD20 expression from the 38C13-hCD20 

cells is not the cause for rituximab resistance.

In a validation study using species-specific derivatives of anti-CD20-IFNɑ similar 

biodistribution patterns were observed with anti-CD20 antibodies (human IgG1 or murine 

IgG2a) showing higher uptake in tumors and immunocytokines (murine IFNɑ1 or human 

IFNɑ14) resulting in higher uptake in liver and spleen, suggesting that the cytokine directs 

the tissue distribution.

Interferons not only have direct anti-proliferative effects on cell growth, they also enhanced 

communications between innate and adaptive immunity which could make them candidates/

enhancers for combination therapies (chemotherapy, radiation, immunostimulatory drugs, 

checkpoint inhibitors, CAR T cells) (21,34,35).

In conclusion, zirconium-89 radiolabeling and immunoPET imaging enables non-invasive 

whole body monitoring and visualizes the biodistribution, tumor accumulation and clearance 

of novel immunocytokines. Serial immunoPET imaging corroborated the high potency of 

the anti-CD20-IFNɑ immunocytokine and showed delayed tumor growth and inhibition 

of lymph node invasion in a rituximab resistant tumor model. Furthermore, in vivo 

imaging showed that the cytokine portion determines tissue distribution of the fusion 

protein and suggests systemic immune activation, thereby providing some insight into 

possible mechanism of action of the immunocytokine. Radiolabeling with zirconium-89 for 

immunoPET imaging is applicable to other immunocytokines, targeting alternative antigens 

and carrying a variety of cytokines. ImmunoPET therefore has the potential to facilitate the 

development of targeted therapies, especially with multiple potential targeting interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1. Conjugation of p-SCN-Bn-DFO to Rit and Rit-mIFNα fusion protein.
A) SDS-PAGE analysis of unconjugated and conjugated antibodies. Under non-reducing 

(NR) conditions the DFO-conjugates migrate with slightly higher molecular weight. Under 

reducing (R) conditions the higher molecular weight is mostly associated with the heavy 

chain band. B) Size exclusion chromatography of DFO-conjugated antibodies shows single 

peaks with slightly longer elution times.
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Figure2. In vivo biodistribution of low dose 89Zr-DFO-Rit-mIFNα compared with 89Zr-DFO-
Rit.
A) Dynamic (0-120 min) PET scan obtained post injection of 10 μg (2.2 MBq) 89Zr-DFO-

Rit-mIFNα. B) Dynamic (0-120 min) PET scan obtained post injection of 10 μg (2.2 MBq) 
89Zr-DFO-Rit.

Zettlitz et al. Page 14

Mol Cancer Ther. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 89Zr-DFO-Rit-mIFNα immuno-PET shows therapeutic efficacy in lymphoma bearing 
mice.
C3H mice bearing subcutaneous B-cell lymphoma (38C13-hCD20) tumors were injected 

with A) Low dose (2.2 MBq/10 μg) 89Zr-DFO-Rit-mIFNα; B) Therapeutic dose (2.2 

MBq/50 μg) 89Zr-DFO-Rit-mIFNα; C) Low dose (2.2 MBq/10 μg) control 89Zr-DFO-Rit. 

Shown are coronal and sagittal whole-body MIP immuno-PET/CT overlays acquired 4, 24 

and 75 h p.i. T=tumors, indicated white arrow, L=liver, GI=gastrointestinal tract, H=heart, 

white arrow=tumor infiltrated lymph nodes.
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Figure 4. Ex vivo biodistribution.
C3H mice bearing s.c. 38C13-hCD20 tumors were injected i.v. with 89Zr-Rit (10 μg, 

square), 89Zr-Rit-mIFNα (10 μg, circle or 50 μg, filled circle). A) Ex vivo biodistribution 

at 75 h p.i. %ID/g values are depicted for individual mice of n = 4 with a line at mean. 

Statistical significance determined using 2way-Anova, Holm-Sidak method with alpha = 

0.05; P value: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****).

B) Tumor (38C13-hCD20) and spleen weight at time of ex vivo biodistribution. C) Plasma 

activity of 89Zr-Rit (10 μg) and 89Zr-Rit-mIFNα (10 and 50 μg) after a single dose i.v. 

injection into C3H mice (n=4/group). Serum concentration of radiolabel were determined by 

gamma counting and normalized to the activity immediately after injection (0 min).
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Figure 5. 89Zr-immuno-PET with mouse/human derivatives of anti-CD20-IFNα.
A) Anti-CD20 antibodies or anti-CD20 antibody-IFNα fusion proteins were site-specifically 

conjugated with mal-DFO and analyses by size exclusion chromatography. Slightly earlier 

elution times correspond with successful conjugation. B) Mal-DFO conjugated proteins 

were radiolabeled using 89Zr. 10 μg (1.11 - 1.85 MBq) were injected into C3H mice bearing 

s.c. 38C13-hCD20 tumors (right shoulder). Representative immunoPET/CT scans (20 h p.i., 

coronal and sagittal) of each group (n=4) are shown.
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Table 1.
Ex vivo biodistribution.

C3H mice bearing 38C13-hCD20 subcutaneous tumors. 75 h p.i., N=4 per group, %ID/g values are depicted 

as mean ± SEM.

89Zr-Rit-mIFNα, 10 μg 89Zr-Rit-mIFNα, 50 μg 89Zr-Rit, 10 μg

Mean SEM Mean SEM Mean SEM

Blood 1.02 0.08 1.20 0.02 3.97 0.83

38C13-hCD20 7.64 0.50 8.74 0.59 38.41 4.96

Heart 0.50 0.02 0.45 0.02 1.12 0.18

Lung 0.74 0.04 0.90 0.07 2.25 0.41

Liver 11.95 0.34 13.45 0.62 1.79 0.25

Kidney 1.61 0.03 1.87 0.10 2.65 0.27

Spleen 2.83 0.09 2.63 0.13 2.03 0.33

Stomach 0.20 0.01 0.25 0.04 0.48 0.06

Intestine 0.31 0.01 0.42 0.04 0.73 0.04

Muscle 0.14 0.01 0.16 0.01 0.41 0.07

Bone 2.61 0.11 3.13 0.21 2.19 0.22

Carcass 0.51 0.02 0.57 0.03 0.92 0.10

Tissue:Blood Mean 95% CI Mean 95% CI Mean 95% CI

Tumor 7.5 5.9-9.7 7.3 6.0-8.5 9.7 5.5-20.7

Liver 11.7 9.7-14.6 11.2 9.9-12.6 0.5 0.3-1.0

Spleen 2.8 2.3-3.5 2.2 1.9-2.5 0.5 0.3-1.1
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