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Abstract. Transferrin receptor (TfR) is an attractive molecule 
for targeted therapy of cancer. Various TfR-targeted therapeutic 
agents such as anti-TfR antibodies conjugated with anticancer 
agents have been developed. An antibody that recognizes both 
human and murine TfR is needed to predict the toxicity of 
antibody-based agents before clinical trials, there is no such 
antibody to date. In this study, a new fully human monoclonal 
antibody TSP-A18 that recognizes both human and murine TfR 
was developed and the correlation analysis of the radiolabeled 
antibody uptake and TfR expression in two murine strains was 
conducted. TSP-A18 was selected using extracellular portions 
of human and murine TfR from a human antibody library. The 
cross-reactivity of TSP-A18 with human and murine cells was 
confirmed by flow cytometry. Cell binding and competitive 
inhibition assays with [111In]TSP-A18 showed that TSP-A18 
bound highly to TfR-expressing MIAPaCa-2 cells with high 
affinity. Biodistribution studies of [111In]TSP-A18 and [67Ga]
citrate (a transferrin-mediated imaging probe) were conducted 
in C57BL/6J and BALB/c-nu/nu mice. [111In]TSP-A18 was 
accumulated highly in the spleen and bone containing marrow 
component of both strains, whereas high [67Ga]citrate uptake 
was only observed in bone containing marrow component 
and not in the spleen. Western blotting indicated the spleen 
showed the strongest TfR expression compared with other 
organs in both strains. There was significant correlation 

between [111In]TSP-A18 uptake and TfR protein expression in 
both strains, whereas there was significant correlation of [67Ga]
citrate uptake with TfR expression only in C57BL/6J. These 
findings suggest that the difference in TfR expression between 
murine strains should be carefully considered when testing 
for the toxicity of anti-TfR antibody in mice and the uptake 
of anti-TfR antibody could reflect tissue TfR expression 
more accurately compared with that of transferrin-mediated 
imaging probe such as [67Ga]citrate.

Introduction

Transferrin receptor (TfR) is a type II transmembrane 
glycoprotein found as a homodimer (180 kDa) on the surface 
of cells, involved in iron uptake through interaction with 
transferrin and in regulation of cell growth (1,2). TfR is 
expressed at low levels on most normal cells, whereas it is 
expressed at higher levels on cells with high proliferation 
rates such as cancer cells (3-8). TfR is therefore an attractive 
molecule for targeted therapy of cancer. Many laboratories 
have developed various TfR-targeted therapeutic agents such 
as transferrin- and anti-TfR antibodies conjugated with anti-
cancer agents (7,9). An antibody having high specificity and 
affinity to its target antigen is one of the most suitable agents to 
prepare drug-conjugates. Antibody-drug conjugate is initially 
tested in mice xenografted with human cancers to verify the 
selective delivery of the conjugate to tumor site and to validate 
non‑specific tissue distribution. However, if the antibody reacts 
only with human antigen, it is not possible to verify the uptake 
to normal organs and tissues reflecting physiological antigen 
expression. Whether antigen expressed in normal tissues may 
or may not be accessible to blood-borne antibody-drug conju-
gates is not fully predictable by ex vivo immunohistochemical 
analysis. To predict the distribution in humans, especially the 
uptake in normal organs and tissues which is closely related 
to the toxicity of the antibody-drug conjugate, the use of an 
antibody that cross-reacts with murine antigen is essential. As 
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far as we know, there are no publications to date regarding 
such anti-human TfR antibodies (7,9).

In this study, to provide the biodistribution data of anti-TfR 
antibody in mice for predicting the biodistribution in human, 
we isolated a new fully human monoclonal antibody that can 
recognize both human and murine TfR from a large-scale 
human antibody library. Designated as TSP-A18, the cross-
reactivity was evaluated using human and murine cell lines. It 
was radiolabeled with In-111 and the in vitro binding character-
istics using a highly TfR-expressing cell line MIAPaCa-2, as 
well as the biodistribution in two murine strains C57BL/6J and 
BALB/c-nu/nu, were evaluated. Furthermore, the correlation 
of the uptake of radiolabeled antibody with TfR expression in 
major organs and tissues was analyzed, which was compared 
with the tissue distribution of [67Ga]citrate.

Materials and methods

Antibody. The AIMS5 phage antibody library was used 
as a source of human monoclonal antibodies (10,11). The 
antigen used in the screenings of the library was prepared 
as follows: cDNA encoding a myc-His tagged extracel-
lular portion of human TfR was inserted into an expression 
vector pCMV‑Script (Clontech, Mountain View, CA, USA). 
The resultant plasmid DNA was transfected into 293T cells 
(American Type Culture Collection, Manassas, VA, USA) with 
Lipofectamine (Invitrogen, Carlsbad, CA, USA), and the trans-
formants were grown in D-MEM medium (Sigma, St. Louis, 
MO, USA) supplemented with 10% fetal bovine serum. The 
extracellular portion of human TfR protein was purified from 
the supernatant of cell culture using Ni-NTA chromatography. 
We also prepared the murine antigen (extracellular portion of 
murine TfR) following the same procedure. The phage library 
selection process was described previously (12). In this study, 
the phage library was incubated alternately with immobilized 
human or murine antigen. Phages from individual colonies 
obtained after four rounds of panning were tested for binding 
to the extracellular portions of human and murine TfR by 
ELISA [the procedure was described previously (13)]. The 
nucleotide sequence of the positive clone was determined and 
the clone was designated as TSP-A18. It was subsequently 
converted to human IgG1 and the antibody was produced 
using Expi293 transient expression system (Thermo Fisher 
Scientific, Waltham, MA, USA). The antibody was purified 
with protein-A sepharose (ProteNova, Kagawa, Japan). An 
isotype control HR1-007 (11) was constructed in the same way.

Flow cytometric analysis. A human pancreatic cancer cell 
line MIAPaCa-2 and a mouse fibroblast cell line NIH/3T3 
were purchased from American Type Culture Collection. 
The mouse B lymphocyte cell line Sp2/O, the human chronic 
myelogenous leukemia cell line K562, the mouse eryth-
roleukemia cell line B8/3, the cynomolgus kidney derived 
fibroblast-like cell MK.P3(F) and the cynomolgus fetal 
spleen-derived T-cell like lymphocyte cell line HSC-F were 
purchased from Japanese Collection of Research Bioresources 
Cell Bank (Osaka, Japan). An insect cell line Sf9 derived 
from Spodoptera frugiperda was obtained from Thermo 
Fisher Scientific. Cells in suspension culture were harvested 
by centrifugation at 1,000 µg for 5 min. Adherent cells were 

removed from the dishes with EDTA-PBS (Thermo Fisher 
Scientific), then washed with PBS (Thermo Fisher Scientific). 
Cell density was adjusted at a concentration of 1x106 cells/
ml. TSP-A18 was serially diluted at concentrations of 0.002, 
0.02, 0.2 and 2 µg/ml. An equal volume of the serially diluted 
antibodies was added to the cell suspensions and incubated 
for 1 h at 4˚C, followed by two washes with FACS buffer (1% 
BSA, 0.1% sodium azide, 2 mM EDTA in Dulbecco's PBS). 
The washed cells were incubated with mouse anti-human IgG 
(H+L) antibody labeled with Alexa 488 (Life Technologies 
Japan, Tokyo, Japan) as a second antibody for 1 h at 4˚C. The 
reacted cells were washed twice with FACS buffer and then 
measured by FACSCalibur (Becton-Dickinson, San Jose, CA, 
USA).

Radiolabeling. The antibody was conjugated with p-SCN-Bn-
DOTA (DOTA) (Macrocyclics, Dallas, TX, USA) according 
to the procedure as described previously (14) with slight 
modifications. Briefly, during gentle shaking, a five molar 
excess of chelate in 13.7 µl DMSO was added to the antibody 
(10 mg in 1 ml 0.05 M bicine-NaOH, 150 mM NaCl, pH 8.5), 
and incubated for 17 h at 25˚C. Non-conjugated chelate was 
removed by size exclusion chromatography using a PD10 
column (GE  Healthcare, Little Chalfont, UK) and 0.1 M  
acetate buffer (pH 6.0) as eluent. The conjugation ratio of 
chelate to TSP-A18 was estimated to be ~3.5 by MALDI-TOF 
mass spectrometry. For In-111 labeling, 50 µg of DOTA-
conjugated antibodies were mixed with 740 kBq of [111In]Cl3 
(Nihon Medi-Physics, Tokyo, Japan) in 0.5 M acetate buffer 
(pH 6.0) and the mixture was incubated for 30 min at room 
temperature. Radiolabeled antibodies were separated from 
free In-111 by Sephadex G-50 column (700 µg for 2 min once 
or twice). The labeling yields of [111In]TSP-A18 ranged from 
62.9 to 83.0%. The radiochemical purity of [111In]TSP-A18 
exceeded 97.5%. The specific activities of [111In]TSP-A18 
were 9.3-12.3 kBq/µg.

Cell binding and competitive inhibition assays. MIAPaCa-2 
cells were maintained in D-MEM medium (Sigma) supple-
mented with 10% fetal bovine serum (Sigma). Cell binding 
and competitive inhibition assays were conducted as previ-
ously described (9). Briefly, cells were detached 3-4 days after 
seeding and cell suspensions were prepared. For cell binding 
assays, MIAPaCa-2 cells (5.0x106, 2.6x106, 1.3x106, 6.3x105, 
3.1x105, 1.6x105, 7.8x104 and 3.9x104) in PBS with 1% BSA 
(Sigma) were incubated with [111In]TSP-A18 on ice for 60 min. 
After washing, the amount of cell-bound radioactivity was 
measured using a gamma counter (ARC-370M; Aloka, Tokyo, 
Japan). Immunoreactivity of [111In]TSP-A18 was estimated 
according to the method of Lindmo et al (15). For competi-
tive inhibition assays, [111In]TSP-A18 were incubated with 
MIAPaCa-2 cells (2.0x106) in the presence of varying concen-
trations of the unlabeled intact TSP-A18, DOTA-conjugated 
TSP-A18, or HR1-007 as an isotype control (0, 0.3, 0.6, 3.0, 
6.1, 30.3 and 60.6 nmol/l) on ice for 60 min. After washing, 
the amount of cell-bound radioactivity was measured. The 
dissociation constant (Kd) was estimated by applying data to 
a one-site competitive binding model using GraphPad Prism 
software version 6.0 for Mac (GraphPad Software, La Jolla, 
CA, USA).
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Biodistribution of [111In]TSP-A18 and [67Ga]citrate. The 
animal experimental protocol was approved by the Animal Care 
and Use Committee of the National Institute of Radiological 
Sciences, and all animal experiments were conducted in accor-
dance with the institutional guidelines regarding animal care 
and handling. Male C57BL/6J (19.3-23.3 g body weight) and 
BALB/c-nu/nu (15.4-19.4 g body weight) mice (Japan SLC, 
Hamamatsu, Japan) were intravenously injected with 37 kBq 
of [111In]TSP-A18. The total injected protein dose was adjusted 
to 5 µg per mouse by adding the intact antibody. C57BL/6J 
(19.4-22.4 g body weight) and BALB/c-nu/nu (18.5‑22.4 g 
body weight) mice were intravenously injected with 370 kBq 
of [67Ga]citrate (Nihon Medi-Physics). At 1, 2, 4 and 7 days 
after injection of [111In]TSP-A18, and at 2 h, and 1, 2 and 3 days 
after injection of [67Ga]citrate, mice (n=5 at each time-point) 
were euthanized by excess isoflurane inhalation, and blood 
was obtained from the heart. Organs and tissues of interest 
(blood, lung, liver, spleen, pancreas, intestine, kidney, muscle 
and bone including marrow component) were removed and 
weighed. The radioactivity was measured using a gamma 
counter. The data were expressed as the percentage of injected 
dose per gram of tissue (% ID/g) normalized to a 20-g body 
weight mouse.

[111In]TSP-A18 uptake in bone and bone marrow. On day 1 
after i.v. injection of 37 kBq of [111In]TSP-A18 into C57BL/6J 
and BALB/c-nu/nu mice (n=5 at each time-point), femur was 
removed, and then bone and bone marrow were separated and 
weighed. The radioactivity were measured using a gamma 
counter (ARC-370M; Aloka). The data were expressed as 
the percentage of injected dose per gram of tissue (% ID/g) 
normalized to a 20-g body weight mouse.

Western blotting for TfR protein expression. Western blot-
ting was conducted as previously described (16). Briefly, 
blood, lung, liver, spleen, pancreas, intestine, kidney, muscle 
and bone marrow were removed from C57BL/6J and 
BALB/c-nu/nu mice (n=2), and the lysates were prepared using 
cell lysate buffer (Cell Signaling Technology, Danvers, MA, 
USA). The lysates were resolved by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis, transferred to a polyvi-
nylidene fluoride membrane (Hybond-P, GE Healthcare) and 
incubated with a rabbit anti-murine TfR antibody (ab84036, 
Abcam, Cambridge, UK) for 60 min at room temperature. 
After washing, the membrane was reacted with a horseradish 
peroxidase-linked anti-rabbit antibody (GE Healthcare) and 
visualized using an ECL Plus kit (GE Healthcare). Images were 
captured using a LAS-3000 imaging system (Fuji Film, Tokyo, 
Japan) and analyzed by ImageJ (National Institutes of Health, 
Bethesda, MD, USA). Two or three independent experiments 
for each C57BL/6J mouse and three for each BALB/c-nu/nu 
mouse were conducted.

Statistical analysis. The data of [111In]TSP-A18 and [67Ga]citrate 
in C57BL/6J and BALB/c-nu/nu mice were analyzed by the 
Student's t-test. The correlation between TfR protein expres-
sion and the uptakes of [111In]TSP-A18 and [67Ga]citrate, and 
between TfR protein expression and the area under the curve 
(AUC) of the uptakes was examined by simple regression 
analysis. AUC was calculated from the biodistribution data 

using the trapezoidal rule. A value of P<0.05 was considered 
statistically significant.

Results

Flow cytometric analysis for cross-reactivity of TSP-A18. 
We selected a clone using extracellular portions of human 
and murine TfR from the AIMS5 phage library as a source 
of human antibodies (10,11). The clone was confirmed to bind 
to the extracellular portions of human and murine TfR as 
determined by ELISA (data not shown) and was designated 
as TSP-A18. The clone was converted to human IgG1 and the 
antibody reacted with human cells (K562 and MIAPaCa-2) 
and murine cells (NIH/3T3, Sp2/O and B8/3), but not insect 
cells (Sf9) as determined by flow cytometry (Fig. 1). The 
intensity increased depending on TSP-A18 concentration and 
reached a maximum with TSP-A18 dose of 0.1 µg/ml or more 
(Fig. 1). The antibody TSP-A18 also reacted with simian cells 
[MK.P3(F) and HSC-F] as shown in Fig. 1.

Figure 1. Flow cytometric analysis for cross-reactivity of TSP-A18 with 
human and murine TfR. TSP-A18 binding to human cells (K562 and 
MIAPaCa-2), murine cells (NIH/3T3, Sp2/O and B8/3), simian cells 
[MK.P3(F) and HSC-F] and insect cells (Sf9) was analyzed by FACSCalibur. 
Purple, 0 µg/ml of TSP-A18; orange, 0.001 µg/ml; blue, 0.01 µg/ml; pink, 
0.1 µg/ml; green, 1 µg/ml.
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Cell binding and competitive inhibition assays for TSP-A18. 
In the cell binding assay, [111In]TSP-A18 bound highly to 
MIAPaCa-2 cells and the maximum value was >50% (Fig. 2A). 
From the competitive inhibition assay, Kd of intact TSP-A18 
and DOTA-TSP-A18 were estimated to be 0.22 and 0.49 nM, 
respectively (Fig. 2B), suggesting that the loss of immunoreac-

tivity by chelate conjugation was limited. In addition, HR1-007 
as an isotype control did not inhibit TSP-A18 binding to TfR 
on the cell surface (Fig. 2B).

Biodistribution of [111In]TSP-A18 in C57BL/6J and 
BALB/-nu/nu mice. Biodistribution experiments for [111In]
TSP-A18 were conducted in C57BL/6J and BALB/-nu/nu 
mice from days 1 to 7 after injection (Table I). Although [111In]
TSP-A18 highly accumulated in the spleen and bone containing 
marrow component of both C57BL/6J and BALB/-nu/nu mice, 
there were significant differences in the uptakes between 
the mice (Table  I). [111In]TSP-A18 uptake in the spleen of 
C57BL/6J and BALB/c-nu/nu mice at day 1 was 59.8±3.7% 
and 109.7±6.5% ID/g, respectively (Table I). The peak value 
of 70.9±5.0% ID/g in C57BL/6J mice was observed at day 4, 
whereas that of 109.7±6.5% ID/g in BALB/c-nu/nu mice was 
observed at day 1 (Table I). [111In]TSP-A18 uptake in bone 
containing marrow component at day 1 was 50.5±8.0% ID/g 
for C57BL/6J mice and 24.8±3.7% ID/g for BALB/c-nu/nu 
mice (Table I). In another experiment, when [111In]TSP-A18 
uptake in bone and bone marrow was determined separately, 
most radioactivity was observed in the bone marrow of 
C57BL/6J and BALB/c-nu/nu mice (Table II).

TfR protein expression in organs and tissues. TfR protein 
expression in organs and tissues of C57BL/6J and BALB/
c-nu/nu mice was determined using western blotting (Fig. 3). 

Figure 2. Cell binding and competitive inhibition assays for TSP-A18 using MIAPaCa-2 cells. (A) Cell binding assay of [111In]TSP-A18 to MIAPaCa-2 
cells. (B) Competitive inhibition assay for intact TSP-A18 (black circles, solid line), DOTA-conjugated TSP-A18 (white circles, dashed line) and HR1-007 
(x, no line; isotype control) with MIAPaCa-2 cells.

Table I. Biodistribution of [111In]TSP-A18 antibody in mice.

Strain	 Day 1	 Day 2	 Day 4	 Day 7

C57BL/6J
	 Blood	   5.4±0.7a	   4.5±0.2a	   2.2±0.3	   0.7±0.1
	 Lung	   2.7±0.2b	   2.7±0.4b	   2.6±0.1b	   1.1±0.1a

	 Liver	   3.6±1.4	   2.9±0.8	   4.7±0.6b	   5.3±0.8b

	S pleen	 59.8±3.7b	 64.3±5.0b	 70.9±5.0b	 65.7±7.9b

	 Pancreas	   2.0±0.3a	   2.0±0.4	   2.1±0.3b	   1.6±0.2b

	I ntestine	   3.6±0.3b	   2.2±0.4	   1.9±0.2b	   1.6±0.2b

	K idney	   4.0±0.2b	   3.2±0.2a	   2.7±0.0b	   2.2±0.1b

	M uscle	   1.2±0.4a	   0.6±0.1	   0.4±0.0b	   0.3±0.1
	 Bonec	 50.5±8.0b	 34.5±4.1b	 25.1±4.3b	 16.2±2.7b

BALB/c-nu/nu
	 Blood	   4.4±0.5	  3.8±0.6	   2.0±0.1	   0.6±0.0
	 Lung	   2.0±0.2	   1.8±0.26	   2.1±0.2	   1.0±0.1
	 Liver	   2.5±0.7	   3.0±1.6	   3.0±0.4	   3.4±0.5
	S pleen	 109.7±6.5	 79.3±10.0	 61.1±5.2	 48.4±7.1
	 Pancreas	   1.6±0.2	   1.6±0.4	   1.3±0.2	   0.9±0.1
	I ntestine	   1.9±0.3	   1.9±0.5	   1.5±0.1	   0.9±0.2
	K idney	   3.4±0.2	   3.0±0.2	   2.3±0.2	   1.5±0.1
	M uscle	   0.7±0.1	   0.7±0.2	   0.5±0.0	   0.3±0.0
	 Bonec	   24.8±3.7	 18.6±3.9	 16.6±3.3	   8.1±1.6

Data are expressed as % ID/g ± SD. aP<0.05, bP<0.01, when compared 
to BALB/c-nu/nu counterpart. cBone containing marrow component.

Table II. Uptake of [111In]TSP-A18 antibody on day 1.

Tissue	 C57BL/6J	 BALB/c-nu/nu

Bone containing marrow	 8.8±4.8	 11.0±3.2
component

Bone marrow	 188.0±27.5	 104.8±24.5

Data are expressed as % ID/g ± SD.
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The spleen showed the highest expression compared with 
other organs in both C57BL/6J and BALB/c-nu/nu mice 
(Fig. 3). Although TfR protein was strongly expressed in the 
bone marrow of C57BL/6J mice, only a faint expression was 
observed in BALB/c-nu/nu (Fig. 3).

Biodistribution of [67Ga]citrate in C57BL/6J and BALB/-nu/nu 
mice. Biodistribution experiments of [67Ga]citrate were conducted 
in C57BL/6J and BALB/-nu/nu mice from 2 h to 3 days after 
injection (Table III). [67Ga]citrate uptake in blood at 2 h was 
17.0±1.3% ID/g for C57BL/6J mice and 15.4±0.9% ID/g for 
BALB/c-nu/nu mice and decreased with time (Table III ). 

[67Ga]citrate uptake in containing marrow component at 2 h 
was 12.2±1.1% ID/g for C57BL/6J mice and 9.4±1.2% ID/g for 
BALB/c-nu/nu, and the peak values were 24.0±2.2% ID/g at 
day 2 for C57BL/6J and 20.5±2.3% ID/g at day 1 for BALB/
c-nu/nu (Table III).

Correlation analysis. There were significant correlations 
between the TfR protein expressions and [111In]TSP-A18 
uptakes (all time-points and AUC) in both C57BL/6J and 
BALB/c-nu/nu mice (Fig. 4). There were significant correla-
tions between the TfR protein expressions and [67Ga]citrate 
uptakes (days 1, 2 and 3, and AUC) in C57BL/6J mice, whereas 
there was no correlation in BALB/c-nu/nu (Fig. 5).

Discussion

In this study, we isolated a new fully human antibody that 
recognizes the extracellular portions of human and murine 
TfR from a human antibody library and it was designated as 
TSP-A18. Flow cytometry confirmed that TSP-A18 recog-
nizes TfR expressed on the surface of human and murine cell 
lines. Cell binding and competitive inhibition assays using 
[111In]TSP-A18 showed high binding and affinity with TfR 
expressed on human cancer cells.

To our knowledge, there is no report to date on the distri-
bution of anti-TfR antibody correlating with TfR expression 
on normal murine organs, although there are several reports 

Figure 3. Western blot analysis of TfR protein expression. (A) TfR protein 
bands in tissues and organs (20 µg) of C57BL/6J and BALB/c-nu/nu mice 
are shown in upper and lower panels, respectively. (B) Densitometry of TfR 
protein bands. Data represent the mean and SD. au, arbitrary unit.

Table III. Biodistribution of [67Ga]citrate in mice.

Strain	 2 h	 Day 1	 Day 2	 Day 3

C57BL/6J
	 Blood	 17.0±1.3a	 2.1±0.4b	   0.7±0.1b	   0.5±0.0b

	 Lung	   6.8±0.6a	 2.6±0.2b	   1.9±0.1b	   1.8±0.1b

	 Liver	   4.0±0.4	 6.0±1.4a	   4.7±0.3	   6.1±0.9b

	S pleen	   3.7±0.4	 4.2±0.5b	   4.4±0.2b	   4.3±0.3b

	 Pancreas	   4.7±0.5	 4.9±1.0	   4.9±0.3b	   4.4±1.0a

	I ntestine	   2.8±0.7b	 2.3±0.4b	   1.3±0.2a	   1.0±0.1b

	K idney	   6.5±0.7b	 6.3±0.7b	   5.6±0.4b	   5.3±0.5b

	M uscle	   2.1±0.2	 1.3±0.3b	   1.0±0.1b	   0.9±0.4
	 Bonec	 12.2±1.1b	 20.2±2.4	 24.0±2.2b	 20.5±2.0a

BALB/c-nu/nu
	 Blood	 15.4±0.9	 1.0±0.4	   0.4±0.1	   0.2±0.1
	 Lung	   6.0±0.6	 1.6±0.4	   1.4±0.1	   1.3±0.1
	 Liver	   4.4±0.4	 4.8±0.5	   5.1±0.7	   4.8±0.5
	S pleen	   3.7±0.2	 2.5±0.5	   2.9±0.3	   2.8±0.5
	 Pancreas	   4.4±0.3	 3.9±0.6	   3.9±0.4	   3.4±0.2
	I ntestine	   1.7±0.3	 1.0±0.3	   0.9±0.2	   0.5±0.1
	K idney	   5.4±0.3	 4.1±0.5	   3.4±0.3	   2.8±0.3
	M uscle	   2.0±0.2	 1.2±1.1	   0.6±0.1	   0.6±0.1
	 Bonec	   9.4±1.2	 20.5±2.3	 18.7±1.4	 18.1±1.5

Data are expressed as % ID/g ± SD. aP<0.05, bP<0.01, when compared 
to BALB/c-nu/nu counterpart. cBone containing marrow component.
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on TfR-targeting via transferrin using [67Ga]citrate or radio-
labeled transferrin, in which biodistribution of these probes 
was evaluated in mice (BALB/c, BALB/c-nu/nu and FVB) 

and rats (Sprague-Dawley) (17-20). According to these reports, 
their uptakes in the liver and bone marrow were relatively high 
and those in the other organs and tissues including the spleen 

Figure 4. Correlation analysis of [111In]TSP-A18 uptake and TfR protein 
expression in C57BL/6J (left panels) and BALB/c-nu/nu mice (right panels). 
The uptake and expression values were used in the biodistribution experi-
ments (Table I) and western blot analysis (Fig. 3), respectively. au, arbitrary 
unit; AUC, area under the curve.

Figure 5. Correlation analysis of [67Ga]citrate uptake and TfR protein 
expression in C57BL/6J (left panels) and BALB/c-nu/nu mice (right panels). 
The uptake and expression values were used in the biodistribution experi-
ments (Table II) and western blot analysis (Fig. 3), respectively. au, arbitrary 
unit; AUC, area under the curve. NS, not significant.
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were relatively low (17-20). Interestingly, our biodistribution 
experiments with [111In]TSP-A18 in C57BL/6J and BALB/
c-nu/nu mice showed that the highest uptake was observed in 
the spleen for both strains of mice, followed by that in bone 
containing marrow component. As mentioned above, splenic 
uptakes of [67Ga]citrate and radiolabeled transferrin were not 
high (2.4‑11.0% ID/g for mice and 0.3-1.2% ID/g for rats) 
(17,19,20). To confirm the reported biodistribution results 
on [67Ga]citrate, biodistribution experiments of [67Ga]citrate 
in C57BL/6J and BALB/c-nu/nu mice were conducted in 
this study. The biodistributions were similar to those in the 
previous studies (17-20), and the splenic uptakes were not high. 
In addition to the unexpectedly high uptake of [111In]TSP-A18 
in the spleen, there were marked differences in the uptake 
patterns in the spleen and bone containing marrow component 
between C57BL/6J and BALB/c-nu/nu mice. These findings 
raised the possibility that TfR expression levels in the murine 
tissues, especially the spleen and bone marrow are different 
between C57BL/6J and BALB/c-nu/nu mice. To test the possi-
bility, TfR protein expression in major organs and tissues of 
C57BL/6J and BALB/c-nu/nu mice was determined by western 
blotting using a commercially available anti-TfR antibody and 
analyzed the correlation with the uptakes of [111In]TSP-A18 
and [67Ga]citrate. The TfR protein expression levels in the 
spleen were markedly high for both strains, but the expression 
level in the bone marrow was high only for C57BL/6J mice. 
The differences in TfR expression may be a reason for the 
differences in the uptakes of [111In]TSP-A18 in the two murine 
strains. There are significant correlations of TfR expression 
and uptakes of [111In]TSP-A18 in both strains, whereas there 
are significant correlations of TfR expression with uptakes 
of [67Ga]citrate only in C57BL/6J, but not in BALB/c-nu/nu. 
[67Ga]citrate is also reported to accumulate in some transferrin-
independent manner (21-23). These findings suggest that direct 
TfR-targeted imaging using radiolabeled anti-TfR antibody is 
more suitable for evaluating TfR expression in normal organs 
and tissues. TSP-A18 recognizes both human and murine TfR, 
therefore, radiolabeled TSP-A18 has the potential for imaging 
studies in human to assess the difference between directly 
TfR-targeted imaging and transferrin-mediated imaging such 
as [67Ga]citrate.

In humans, [67Ga]citrate accumulates mainly in the liver, 
moderately in bone marrow, and at lower levels in the spleen 
and other organs (24). However, this does not necessarily 
indicate low TfR expression in the human spleen, considering 
the results of this study as mentioned above. There are many 
reports of TfR protein expression in major human organs, 
tissues and tumors, and they showed high TfR expression 
in cells with high proliferation rate including some lympho-
cytes and monocytes in the bone marrow (5). However, to 
our knowledge, there are two studies on TfR expression in 
the spleen: one reported that frozen spleen sections were 
negatively stained as determined by immunohistochemical 
staining (4), and the other reported that only 2.5% of cells in 
the spleen were bound by anti-TfR antibody, whereas 40% 
of bone marrow cells were positive as determined by visual 
fluorescence assay (25). Taken together the TfR expression in 
humans described in the literature and the expression in mice 
that we determined in this study, there could be a marked 
difference in TfR expression in the spleen of humans and 

mice. This possible difference in TfR expression should be 
carefully considered when testing for the toxicity of anti-TfR 
antibody in mice.

TfR expression changes depending on the physiological 
status such as tumorigenesis (5). TfR is directly upregulated 
by MYC (26), which is an important mediator of cancer 
initiation and maintenance, and thought to be the cause of 
more than half of all human cancers (27,28). There is no 
MYC-targeted non-invasive imaging applicable to humans, 
whereas TfR is upregulated by MYC from the early stages 
of tumorigenesis (5,27,28). There is thus a potential role for 
TfR-targeted imaging to enable early detection of tumors. In 
addition, since increased expression of TfR correlates with 
tumor stage (7), TfR-targeted imaging could be a promising 
imaging method for staging. To demonstrate the concept, while 
it is not realistic to monitor TfR expression change with disease 
progression in each cancer patient, this should be feasible in 
carcinogenesis models such as genetically engineered and 
carcinogen-induced models (29). TfR is also reported to be 
upregulated by other factors such as phosphoinositide 3-kinase 
and hypoxia-inducible factor-1 (30,31). Temporal imaging for 
TfR expression change with disease progression in carcino-
genesis models could be useful for clarifying role(s) of TfR 
in developing cancer and may provide clues for more efficient 
prevention, diagnosis and therapy of cancer. TSP-A18 labeled 
with gamma-ray or positron emitter could be used for moni-
toring in mouse models.

In conclusion, we developed a new fully human mono-
clonal antibody TSP-A18, which recognizes both human and 
murine TfR. [111In]TSP-A18 accumulated highly in the spleen 
and bone marrow of C57BL/6J and BALB/c-nu/nu mice. This 
biodistribution pattern differed from that of [67Ga]citrate, which 
accumulated highly in bone marrow, but not in the spleen. 
There was significant correlation between [111In]TSP-A18 
uptake and TfR protein expression in both strains, whereas 
there was significant correlation of [67Ga]citrate uptake with 
TfR expression only in C57BL/6J. Radiolabeled TSP-A18 
could be more suitable for evaluating TfR expression in normal 
organs and tissues of mice compared with [67Ga]citrate.
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