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ABSTRACT

ARTICLE HISTORY

The prolonged in vivo persistence of antibodies results in high background and poor contrast during their
use as molecular imaging agents for positron emission tomography (PET). We have recently described
a class of engineered Fc fusion proteins that selectively deplete antigen-specific antibodies without
affecting the levels of antibodies of other specificities. Here, we demonstrate that these Fc fusions (called
Seldegs, for selective degradation) can be used to clear circulating, radiolabeled HER2-specific antibody
during diagnostic imaging of HER2-positive tumors in mice. The analyses show that Seldegs have
considerable promise for the reduction of whole-body exposure to radiolabel and improvement of
contrast during PET
�.
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Introduction
The use of engineering approaches to generate antibodies of
high affinity and specificity for target has led to an expansion of
interest in using these agents as diagnostic and theranostic
imaging agents. However, antibodies of the IgG class are
endowed with long in vivo persistence due to their ability to
bind to the neonatal Fc receptor (FcRn).1 This longevity results
in high background, poor contrast and, if radiolabeled for
detection using positron emission tomography (PET), potential radiation damage to normal tissue.2–4 The current study is
directed toward overcoming these limitations by using a novel
approach to selectively clear target-specific antibody that is not
tumor-bound during PET.
We recently developed engineered antigen-Fc fusion proteins that selectively clear antigen (target)-specific antibodies
without affecting the levels of endogenous antibodies of other
specificities.5 These engineered fusion proteins, named Seldegs
(for selective degradation), comprise an antigen component
that is fused to an Fc-based targeting component. The targeting
component is engineered to bind to the internalizing receptor,
FcRn, with substantially increased affinity at near neutral and
acidic pH, whereas the antigen component captures antigenspecific antibodies.5,6 The antibodies that bind to the antigen
component are bivalent, and therefore to minimize the formation of multivalent immune complexes, Seldegs are engineered
with knobs-into-holes mutations7 to display the antigen as
a monomer. The Fc is also engineered with mutations to
substantially reduce or ablate interactions with FcγRs or
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complement.8 The high affinity binding of Seldegs to FcRn
leads to the rapid internalization of antibody-Seldeg complexes
into FcRn-expressing cells followed by their lysosomal
degradation.5 Consequently, following injection into mice,
Seldeg delivery results in the selective depletion of antigenspecific antibodies.5
Our recent studies have demonstrated that specifically
designed Seldegs can be used to deplete antibodies specific
for the autoantigen, myelin oligodendrocyte glycoprotein
(MOG), and the tumor target human epidermal growth factor
receptor-2 (HER2).5,9 In addition, we have shown that the
depletion of MOG-specific antibodies results in the amelioration of antibody-mediated disease in mice.9 However, the
efficacy of Seldegs in reducing background and enhancing
contrast during PET analyses in tumor-bearing mice has not
been investigated. Here, we describe a strategy using a Seldeg
that targets HER2-specific antibodies such as pertuzumab10 to
substantially improve contrast during PET.

Results
The design of Seldegs and their analysis following purification
are shown in Figure 1. For use as a control for the Seldeg
targeting HER2-specific antibodies (HER2-Seldeg), a Seldeg
in which extracellular domains I–IV of HER2 were replaced
with the extracellular domain of MOG (MOG-Seldeg) was
produced (Figure 1a). SDS-PAGE and HPLC analyses indicated that HER2-Seldeg and MOG-Seldeg were heterodimeric
(Figure 1b, non-reducing conditions) and free of aggregates
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Figure 1. Design and size exclusion analyses of Seldegs. (a) Schematic representation of the design of the Fc fusion proteins. HER2-Seldeg and MOG-Seldeg consist of
domains I–IV of HER2 and the extracellular domain of MOG, respectively, fused to a heterodimeric, human IgG1-derived Fc.5 The mutations to ablate FcγR binding,8
enhance FcRn binding11 and drive heterodimer formation (knobs-into-holes mutations7) are shown. Analyses of the purified Seldegs using SDS-PAGE (run under
reducing and non-reducing conditions) (b) and a Phenomenex Yarra 3 µm SEC-3000 column (Phenomenex, 00 H-4513-K0) (c). For (b), the sizes of molecular weight (Mr)
standards are shown in kDa on the left margin.
�

(Figure 1c). The interactions of HER2-Seldeg with mouse FcRn
and the HER2-specific antibody, pertuzumab,10 were characterized using surface plasmon resonance (SPR; BIAcore) and
resulted in equilibrium dissociation constants (KDs) at pH 7.4
of 15.6 nM and 17.5 nM for mouse FcRn and pertuzumab,
respectively (Supplementary Figure 1a,b�
). In addition, the KD
of the interaction of HER2-Seldeg with mouse FcRn at pH 6.0
was 5.1 nM (Supplementary Figure 1c). This behavior is consistent with earlier studies demonstrating that the FcRnenhancing mutations (‘MST-HN’) that are present in the Fc
of Seldegs lead to substantial increases in binding to mouse
FcRn.5,11 In earlier studies, both HER2- and MOG-Seldegs
have been shown to deplete antigen-specific antibod�
ies, whilst
not affecting the levels of endogenous IgG, in mice.5
To analyze the ability of the HER2-Seldeg to improve contrast during diagnostic imaging, mice were implanted with the
HER2-overexpressing tumor cell line, HCC1954. Following
7 days, tumor-bearing mice were injected with 124I-labeled
pertuzumab. The mice were imaged using PET at 4–6 h postinjection. HER2-Seldeg or controls (MOG-Seldeg or PBS vehicle) were delivered in mice (n = 3 mice per treatment group) at
24 h post-pertuzumab injection. Delivery of the HER2-Seldeg
resulted in a substantial decrease in whole body levels of radiolabel compared with that in control groups at 20 h post-Seldeg
delivery (Figure 2a). Mice were imaged using PET at 6 or 20 h
post-Seldeg injection (Figure 2b; Supplementary Videos 1–6).
The delivery of HER2-Seldeg led to 2.5-3-fold higher contrast
for the radiolabeled pertuzumab compared with that in control
groups (Figure 3; Supplementary Figure 2). In addition, and
consistent with our earlier biodistribution studies,9 Seldeg
injection resulted in the delivery of targeted antibody to the
liver (Figure 2b). In an additional experiment, we observed
that, although imaging mice at 6 or 8 h post-Seldeg delivery

led to similar contrast measures, analyses at 3 h resulted in
~2-fold lower contrast (n = 4 mice, treated with HER2-Seldeg),
indicating that by comparison with 6–8 h (Figure 3), Seldeg
treatment for 3 h is suboptimal for contrast improvement.

Discussion
In this study we demonstrated that engineered antigen-Fc
fusions with the ability to selectively degrade antigen-specific
antibodies can be used to improve contrast during the use of
radiolabeled HER2-specific antibody, pertuzumab, to image
HER2-positive tumors. This novel approach is expected to be
broadly applicable, using appropriately engineered antigen-Fc
fusions, to imaging with antibodies or other molecular agents
specific for different (tumor) targets. Importantly, through
their ability to bind and internalize antibodies with
a particular specificity into lysosomes in cells, Seldegs do not
affect the levels of endogenous, protective antibodies.5
When used as imaging agents, the prolonged in vivo
persistence of antibodies necessitates intervals of up to
7 days between the delivery of radiolabeled antibody and
PET (or other imaging modality).12,13 This wait time can
lead to undesirable exposure of normal tissue to radiation.
Pretargeting, involving the delivery of unlabeled, derivatized antibody followed by injection of radiolabeled PET
probe that is designed to conjugate to the antibody, has
been developed as an approach to overcome this
problem.14,15 Shortcomings of pretargeting are the need
for wait times for unbound, long-lived antibody to clear
and the use of high levels of radiolabel. The application of
Seldegs is expected to substantially shorten the exposure
time to radiolabel due to the ability of these Fc fusions to
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Figure 2. Effect of delivery of HER2-Seldeg following injection of radiolabeled pertuzumab into tumor-bearing mice. Twenty-four hours following intravenous injection
of 124I-pertuzumab, mice (n = 3 mice/group) were intravenously injected with 51 µg of HER2-Seldeg, 31 µg of MOG-Seldeg or PBS vehicle. Seldeg amounts were
equimolar with the amount of injected pertuzumab. (a) Whole body counts immediately following radiolabeled pertuzumab injection and 44 h later (20 h post-Seldeg
delivery) are shown, with data normalized to the injected dose. Error bars indicate SD and p values for significant differences for HER2-Seldeg treatment groups vs.
control groups are shown (one-way ANOVA and Tukey’s multiple comparison test). (b) PET/CT images acquired at 4–6, 30, and 44 h after injection of radiolabeled
pertuzumab. The time points correspond to 18–20 h prior to, and 6 and 20�h following, delivery of Seldeg, respectively. Data for one representative mouse per treatment
group is shown, with linear scale bars. Data shown are representative of two independent experiments (n = 3 mice per treatment group in each experiment).

deplete targeted antibody levels in the circulation within
several hours of delivery.5 In this context, although the use
of antibody fragments with considerably reduced in vivo
half-lives can be used to reduce radiation exposure
times,16,17 the short half-life of the imaging agent can
limit the levels that accumulate in the tumor.
Alternatively, high dose intravenous immunoglobulin
(IVIG), which acts as a competitor with endogenous IgG
for binding to the salvage receptor, FcRn, has been used to
clear background during imaging with labeled
antibodies.3,12 In addition to reducing radiolabeled antibody levels, this can result in decreases in endogenous
antibody (IgG) levels for up to several weeks due to the

pharmacokinetic behavior of IVIG.18,19 Alternatively, an
engineered, high affinity antagonist of FcRn with relatively
short in vivo persistence has been used to enhance PET
contrast,20,21 but this approach also results in the lowering
of IgGs independent of their specificity.
In summary, Seldegs have the potential to provide an
alternative, highly specific strategy to improve contrast and
reduce background during diagnostic imaging. Further, the
utility of Seldegs not only has relevance to the effective use
of antibodies in imaging, but also to other classes of molecular diagnostics for which the regulated clearance of circulating agent is desirable.
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Binding analyses

Figure 3. Effect of delivery of Seldeg on PET contrast. Tumor-bearing mice were
treated as in Figure 2. Contrast measures were determined at 4–6, 30, and 44 h
after injection of radiolabeled pertuzumab. These time points correspond to 18–
20 h prior to, and 6 and 20 h following, Seldeg delivery, respectively. Error bars
indicate SD and p values for significant differences for HER2-Seldeg treatment
groups vs. control groups are shown (one-way ANOVA and Tukey’s multiple
comparison test). Data shown are representative of two independent experiments
(n = 3 mice per treatment group in each experiment).

SPR experiments were performed using a BIAcore T200 (GE
Healthcare). To analyze the interactions of HER2-Seldeg with
mouse FcRn and pertuzumab (clinical grade), recombinant
mouse FcRn (generously provided by Dr. Richard Stopforth,
University of Southampton) or pertuzumab were immobilized
on flow cells of a CM5 chip using amine coupling chemistry.
The coupling densities were 672.8 RU (mouse FcRn) and 572.6
RU (pertuzumab). HER2-Seldeg was injected (350 μl/injection) at
different concentrations in duplicate or triplicate injections at 25°C
using programmed methods at a flow rate of 10 μl/min in DPBS
(Lonza; pH 7.4 or adjusted to pH 6.0) plus 0.1% v/v Tween 20.
Flow cells were regenerated at the end of each cycle using 0.1 M
NaHCO3/0.15 M NaCl pH 9 (mouse FcRn) or 0.1 M glycine/1 M
NaCl/10% v/v glycerol pH 2.0 (pertuzumab). Equilibrium dissociation constants (KDs) were estimated using custom-written software and a 1:1 interaction model,23 leading to apparent KDs for the
mouse FcRn:Seldeg interactions which are bivalent.

Materials and methods
Antibodies and radiolabeling

Mice and tumor implantation

Pertuzumab10 was obtained from the UT Southwestern Medical
Center Pharmacy (University of Texas Southwestern Medical
Center, Dallas, TX) and was labeled with 124I (PerkinElmer)
using the Iodogen reagent in pre-coated tubes (Pierce).11 The
Na124I (369 µCi; 13.65 MBq; PerkinElmer) solution was firstly
mixed with NanatI (667 pmol, 0.1 µg, 10 µl) solution and then
added to each Iodogen tube containing ~246 µg pertuzumab in
phosphate-buffered saline (PBS). The iodination reaction was
carried out for 15 min at room temperature. At the end of the
reaction, the product solution was mixed with 10 µl of 10 mg/ml
L-ascorbic acid solution in a 5 ml tube to reduce radiolysis of the
radiolabeled antibody,22 and radiolabeled pertuzumab was isolated using a 10 kDa Amicon Ultra-4 centrifugal filter unit
(Millipore Sigma). Radiolabeled pertuzumab was analyzed using
instant thin layer chromatography medium and PBS as the developing solution, and the radiochemical purity of the 124I-labeled
pertuzumab was over 95%.

All animal experiments described in this study were approved
by the Texas A&M University and UT Southwestern Medical
Center Institutional Animal Care and Use Committees.
Experiments were carried out in 8–10-week-old SCID BALB/
c female mice (Jackson Laboratory) that were bred in
a pathogen-free facility at Texas A&M University. To implant
tumor xenografts, HCC1954 cells (0.5 x 106 cells/mouse) suspended in 0.1 mL of RPMI-1640/Matrigel (Corning Inc.) (1:1
ratio of medium:Matrigel) were injected into mammary fat pad
number 3 of each mouse using a 22-gauge needle as described
previously.20 Tumor-implanted mice were shipped to UT
Southwestern Medical Center for use in PET experiments.

Expression and purification of�
Seldegs
Expression constructs encoding heterodimeric HER2-Seldeg or
MOG-Seldeg5 were transiently transfected into HEK-293 F
cells (Life Technologies) using Gibco Expi293 expression system kits (Life Technologies). These heterodimeric constructs
contain the following mutations in the two constituent (human
IgG1-derived) Fcs: FcRn-enhancing (MST-HN = M252Y/
S254T/T256E/H433K/N434F11) and FcγR/complement C1q
ablating mutations (G236R/L328R8). The Fc and antigen-Fc
also contain knobs-into-holes mutations (S364H/F405A and
Y349T/T394F,7 respectively) to drive heterodimer formation.
Recombinant proteins were purified from culture supernatants
using protein A-Sepharose followed by size exclusion chromatography (Hiload 16/600 Superdex 200 gel filtration column;
GE Healthcare) in yields of ~17 mg/liter culture (HER2-Seldeg)
and ~133 mg/liter culture (MOG-Seldeg). Purified proteins
were analyzed using a Phenomenex Yarra 3 µm SEC-3000
column (Phenomenex, 00 H-4513-K0).

Seldeg treatment in mice
Seven days following tumor implantation, when tumors were
approximately ~175-300 mm3 in volume, mice were divided
into groups (n = 3 mice per treatment group) and injected
intravenously with 124I-labeled pertuzumab. Thyroid uptake of
radiolabeled iodine was reduced by adding Lugol solution to
drinking water 48 h before the injection of radiolabeled proteins. To block stomach uptake of radiolabeled iodine, mice
underwent gastric lavage using 1.5 mg potassium perchlorate
in 0.2 ml PBS, 30 min before injection of radiolabeled
(124I-labeled) antibody (2.96–3.33 MBq, 60 µg antibody/
mouse in a volume of 100 μl via tail vein injection). Mice
were injected intravenously with 51 μg HER2-Seldeg, 31 μg
MOG-Seldeg, or vehicle (PBS), 24 h after injection of radiolabeled pertuzumab. These Seldeg doses are equimolar with the
injected dose of pertuzumab. Computed tomography (CT) and
PET images were acquired at the indicated times.
Image acquisition
Imaging of mice was performed using a Siemens Inveon PETCT Multimodality System (Siemens Medical Solutions, Inc.,
Knoxville, TN) with an intrinsic spatial resolution of 1.5 mm
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for PET. The CT images were acquired with 180 projections
over a full 360 degree rotation at a voltage of 80 kV, current
of 500 µA, exposure time of 140 ms per projection, and
binning factor of 4. The CT images were reconstructed
using COBRA reconstruction software (Exxim Computing
Corp.) with a downsampling factor of 2. The reconstruction
profile for CT was set to interpolate bilinearly using a SheppLogan filter. PET was carried out immediately following CT
data acquisition, and PET images were acquired for 20 min
with the acquisition energy window set to 350–650 keV for
124
I. PET images were reconstructed with a 3D OrderedSubset Expectation Maximization followed by Maximum
a Posteriori (OSEM3D/MAP) algorithm using the Siemens
Inveon
Acquisition
Workplace
(Siemens
Medical
Solutions, Inc.).
Image analysis
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Code availability
Software used to analyze the PET data is available upon request.
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Abbreviations
CT, computed tomography
HER2, human epidermal growth factor receptor 2
IVIG, intravenous immunoglobulin
MOG, myelin oligodendrocyte glycoprotein
PET, positron emission tomography

Data availability
The data that supports the findings in this study are available upon request
from the corresponding authors.

References
�
1. Ward ES, Ober RJ. Multitasking by exploitation of intracellular
transport functions: the many faces of FcRn. Adv Immunol.
2009;103:77–115. doi:10.1016/S0065-2776(09)03004-1. PMCID:
PMC4485553.
2. Goldstein R, Sosabowski J, Vigor K, Chester K, Meyer T.
Developments in single photon emission computed tomography
and PET-based HER2 molecular imaging for breast cancer. Expert
Rev Anticancer Ther. 2013;13(3):359–73. doi:10.1586/era.13.11.
3. Jaggi JS, Carrasquillo JA, Seshan SV, Zanzonico P, Henke E, Nagel A,
Schwartz J, Beattie B, Kappel BJ, Chattopadhyay D, et al. Improved
tumor imaging and therapy via i.v. IgG-mediated time-sequential
modulation of neonatal Fc receptor. J Clin Invest. 2007;117
(9):2422–30. doi:10.1172/JCI32226. PMCID: PMC1950462.
4. Wu AM. Engineered antibodies for molecular imaging of cancer.
Methods. 2014;65(1):139–47. doi:10.1016/j.ymeth.2013.09.015.
PMCID: PMC3947235.
5. Devanaboyina SC, Khare P, Challa DK, Ober RJ, Ward ES.
Engineered clearing agents for the selective depletion of
antigen-specific antibodies. Nat Commun. 2017;8:15314.
doi:10.1038/ncomms15314.
6. Ward ES, Ober RJ. Targeting FcRn to generate antibody-based
therapeutics. Trends Pharmacol Sci. 2018;39(10):892–904.
doi:10.1016/j.tips.2018.07.007. PMCID: PMCPMC6169532.
7. Moore GL, Bautista C, Pong E, Nguyen DH, Jacinto J, Eivazi A,
Muchhal US, Karki S, Chu SY, Lazar GA. A novel bispecific antibody format enables simultaneous bivalent and monovalent
co-engagement of distinct target antigens. MAbs. 2011;3
(6):546–57. doi:10.4161/mabs.3.6.18123. PMCID: PMC3242841.

e1976705-6

P. KHARE ET AL.

8. Chu SY �
, Horton HM , Pong E,
�Leung IW , Chen H,�Nguyen DH ,
Bautista C,�Muchhal US �
, Bernett MJ �
, Moore GL , et al. Reduction
of total IgE by targeted coengagement of IgE B-cell receptor and
FcgammaRIIb with Fc-engineered antibody. J Allergy Clin
�
Immunol. 2012;129(4):1102–15. doi:10.1016/j.jaci.2011.11.029.
9. Sun W, Khare P, Wang X, Challa DK, Greenberg BM, Ober RJ,
Ward ES. Selective depletion of antigen-specific antibodies for the
treatment of demyelinating disease. Mol Ther. 202�1;29(3):1312-23.
�
doi:10.1016/j.ymthe.2020.11.017.
10. Franklin MC, Carey KD, Vajdos FF, Leahy DJ, de Vos AM,
Sliwkowski MX. Insights into ErbB signaling from the structure
of the ErbB2-pertuzumab complex. Cancer Cell. 2004;5(4):317–28.
doi:10.1016/S1535-6108(04)00083-2.
11. Vaccaro C, Zhou J, Ober RJ, Ward ES. Engineering the Fc
region of immunoglobulin G to modulate in vivo antibody
levels. Nat Biotechnol. 2005;23(10):1283–88. doi:10.1038/
nbt1143.
12. Carrasquillo JA, Pandit-Taskar N, O’Donoghue JA, Humm JL,
Zanzonico P, Smith-Jones PM, Divgi CR, Pryma DA, Ruan S,
Kemeny NE, et al. (124)I-huA33�antibody PET of colorectal
cancer. J Nucl Med. 2011;52(8):1173–80. doi:10.2967/
�
jnumed.110.086165. PMCID: PMC3394182.
13. Knowles SM, Wu AM. Advances in immuno-positron emission tomography: antibodies for molecular imaging in oncology. J Clin Oncol.
2012;30(31):3884–92.
doi:10.1200/jco.2012.42.4887.
PMCID:
PMC3478579.
14. Rossin R, Verkerk PR, van den Bosch SM, Vulders RC, Verel I,
Lub J, Robillard MS. In vivo chemistry for pretargeted tumor
imaging in live mice. Angew Chem Int Ed Engl. 2010;49
(19):3375–78. doi:10.1002/anie.200906294.
15. Billaud EMF, Belderbos S, Cleeren F, Maes W, Van de
Wouwer M, Koole M, Verbruggen A, Himmelreich U,
Geukens N, Pretargeted BG. PET imaging using
a bioorthogonal (18) F-labeled�trans-cyclooctene in an ovarian
carcinoma model. Bioconjug Chem. 2017;28(12):2915–20.
�
doi:10.1021/acs.bioconjchem.7b00635.
16. Olafsen T, Betting D, Kenanova VE, Salazar FB, Clarke P,
Said J, Raubitschek AA, Timmerman JM, Wu AM.
Recombinant anti-CD20 antibody fragments for small-animal

17.

18.

19.
20.

21.

22.

23.

24.

PET imaging of B-cell lymphomas. J Nucl Med. 2009;50
(9):1500–08.
doi:10.2967/jnumed.108.060426.
PMCID:
PMC2852538.
Knowles SM, Zettlitz KA, Tavare R, Rochefort MM, Salazar FB,
Stout DB, Yazaki PJ, Reiter RE, Wu AM. Quantitative
immunoPET of prostate cancer xenografts with 89Zr- and
124I-labeled anti-PSCA A11 minibody. J Nucl Med. 2014;55
(3):452–59.
doi:10.2967/jnumed.113.120873.
PMCID:
PMC4052832.
Stangel M, Pul R. Basic principles of intravenous immunoglobulin
(IVIg) treatment. J Neurol. 2006;253(Suppl 5):v18–v24.
doi:10.1007/s00415-006-5003-1.
Clynes R. Protective mechanisms of IVIG. Curr Opin Immunol.
2007;19(6):646–51. doi:10.1016/j.coi.2007.09.004.
Swiercz R, Chiguru S, Tahmasbi A, Ramezani SM, Hao GY,
Challa DK, Lewis MA, Kulkarni PV, Sun X, Ober RJ, et al.
Use of Fc-engineered antibodies as clearing agents to increase
contrast during PET. J Nucl Med. 2014;55(7):1204–07.
doi:10.2967/jnumed.113.136481. PMCID: PMC4519079.
Ulrichts P, Guglietta A, Dreier T, van Bragt T, Hanssens V,
Hofman E, Vankerckhoven B, Verheesen P, Ongenae N,
Lykhopiy V, et al. Neonatal Fc receptor antagonist efgartigimod
safely and sustainably reduces IgGs in humans. J Clin Invest.
2018;128:4372–86. doi:10.1172/JCI97911.
Tijink BM, Perk LR, Budde M, Stigter-van Walsum M,
Visser GW, Kloet RW, Dinkelborg LM, Leemans CR, Neri D,
van Dongen GA. (124)I-L19-SIP�for immuno-PET imaging of
tumour vasculature and guidance of (131) I-L19SIP� radioimmunotherapy. Eur J Nucl Med Mol Imaging.
2009;36(8):1235–44. doi:10.1007/s00259-009-1096-y. PMCID:
�
PMCPMC2709218.
Zhou J, Mateos F, Ober RJ, Ward ES. Conferring the binding
properties of the mouse MHC class I-related receptor, FcRn, onto
the human ortholog by sequential rounds of site-directed
mutagenesis. J Mol Biol. 2005;345(5):1071–81. doi:10.1016/j.
jmb.2004.11.014.
Loening AM, Gambhir SS. AMIDE: a free software tool for multimodality medical image analysis. Mol Imaging. 2003;2(3):131–37.
doi:10.1162/153535003322556877.

