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The tumour endothelial marker 1 (TEM1/endosialin/CD248) is a receptor overexpressed in several human solid
tumours and silenced in normal adult tissues, representing a suitable and potentially safe target for radio
immunotherapy of sarcoma. To develop new tools with improved TEM1 targeting properties, a new panel of
antibody fragments was for the first time evaluated preclinically following 125I radiolabelling. The antibody
fragment 1C1m-Fc, with the highest human/murine TEM1 binding affinity, was extensively characterized in vitro
and in vivo in a Ewing’s sarcoma human xenograft mouse model. In silico studies were also performed to elucidate
the influence of a single amino acid mutation in the complementarity-determining region (CDR3) of the heavy
chain, upon affinity maturation of the parental clone 1C1-Fc. From this study, 1C1m-Fc emerged as a promising
candidate for the development of TEM1-targeted radioimmunoconjugates, namely to be further explored for
theranostic applications with other suitable medical radionuclides.

1. Introduction

antibodies, bringing advantages such as reduced cost and easiness of
production, improved pharmacokinetics, higher stability to low pH, and
the capacity to penetrate deeper in tissues or in tumours [10,11].
The endosialin/CD248/TEM1 is an appealing and promising biolog
ical target still poorly explored in cancer therapy. TEM1 is a type I cell
surface glycoprotein of 757 amino acids structurally related to throm
bomodulin [12–15]. TEM1 expression is negligible in adult blood vessels
however in several carcinomas TEM1 overexpression has been found in
endothelial cells, pericytes and tumour-associated fibroblasts, indicating a
role in vascular cell adhesion and migration, neoangiogenesis, tumour
progression and metastatization [16–21]. A study conducted with TEM1
knock-out mice indicated that the absence of this protein did not affect
overall health and normal wound healing. Nevertheless, after trans
plantation of tumours to abdominal sites, a striking reduction in tumour
growth, invasiveness, and metastatization was reported, highlighting the
important functional role of TEM1 in tumour progression [22]. In sar
comas, a class of heterogeneous cancers originating from cells of

Research in the field of Radioimmunotherapy (RIT) has been inten
sive in the last 50 years as the unique synergy between the highly spe
cific antibody-antigen interaction and the selective delivery of
radiotoxicity to tumour cells has yielded significant successes in onco
logical applications [1–3]. Therapy with radioimmunoconjugates is
highly relevant in haematological malignancies, such as lymphomas and
leukaemia, as these cancers are more sensitive to ionizing radiation and
more easily accessible than solid tumours and their complex microen
vironment [4–7]. Several strategies have been reported to increase the
efficacy of RIT against solid tumours such as the combination with other
therapies, intra-compartmental injections and pre-targeting approaches
through the use of bi-specific antibodies or click-chemistry [8,9].
Additionally, smaller antibody fragments derived from monoclonal an
tibodies or produced recombinantly are currently available to overcome
some of the limitations associated with the use of full-length monoclonal
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connective tissue or bone, TEM1 expression has been found not only in
tumour vessels and in the stromal compartment, but also on the malignant
cells themselves. In a study analysing over 203 clinical sarcoma speci
mens from 19 types of sarcoma subtypes, 96% of the collected samples
stained positively for TEM1 and, in 77% of tumours, TEM1 expression
was found both on vascular and tumour cells [23]. Due to this favourable
expression pattern, antibody-mediated therapy targeting TEM1 holds
great potential for the treatment of sarcoma.
A humanized monoclonal antibody (MORAb-004) targeting TEM1
was developed and received FDA orphan drug designation for sarcoma
after undergoing Phase I and Phase II clinical trials in patients [24,25].
MORAb-004 was obtained by immunizing mice with human fetal fibro
blasts. Humanization was achieved by grafting of the six complementarity
determining regions (CDRs) on a human IgG1κ framework. One of the
major limitations of MORAb-004 is the lack of murine TEM1 crossreactivity, requiring the use of engineered cell lines and mouse models
featuring huTEM1-positive grafts for its pre-clinical evaluation [26].
A TEM1-specific fully-human antibody fragment (scFv78), with high
affinity for human and murine TEM1, was successively developed and
fused to an immunoglobulin Fc domain, to obtain a dimeric molecule
with improved avidity, stability and pharmacokinetics for in vivo optical
imaging [16]. The antibody fragment scFv78-Fc retained high target
affinity upon both 125I-radiolabelling and conjugation with a nearinfrared (NIR) probe. Biodistribution studies and NIR imaging studies
in different TEM1-expressing mouse models, demonstrated negligible
uptake in critical tissues such as heart, lung, kidney, liver and brain,
while revealing high accumulation in both human and murine TEM1
positive lesions [27]. The same antibody fragment scFv78-Fc was
recently evaluated in RD-ES Ewing’s sarcoma and SK-N-AS neuroblas
toma tumour mice models, following 111In radiolabelling. Bio
distribution studies confirmed tumour targeting in both models and the
extrapolated human dosimetry was found to be in the range of other
diagnostic 111In radiolabelled monoclonal antibodies in clinical use
[28]. Another study from the same group used the unconventional
positron emitter 152Tb to assess the feasibility of microPET-based
dosimetry in a Ewing’s sarcoma tumour mouse model. The results ob
tained by PET/CT, compared to the classic biodistribution experiments,
resulted in overall acceptable dose discrepancies [29].
In this work, a panel of novel fully human scFv-Fc antibody frag
ments targeting the TEM1 receptor, produced according to a recently
published procedure, were radiolabelled for the first time with 125I [30].
The direct radioiodination of the antibody fragments via tyrosine resi
dues allowed their in vitro and in vivo biological evaluation in human and
murine cellular models [31–33]. The influence of the radiolabelling
method on the TEM1 binding was analysed by comparison of the in vitro
biological performance of the radiolabelled scFv-Fc obtained by a direct
and indirect radioiodination approaches. The best performing antibody,
showing the highest hu/mu TEM1 affinity, was extensively evaluated
and comprehensively characterized in vitro before performing a pre
liminary in vivo biodistribution experiment using a Ewing’s sarcoma
mouse model.
Interestingly, the most promising molecule was developed by affinity
maturation of the antibody scoring the lowest affinity in the same assay,
upon a single amino acid substitution at residue 233. This residue is
located in the complementarity-determining region (CDR3) of the heavy
chain and seems to play an important role in TEM1 binding, as indicated
by the results from the experimental assays. Encouraged by these find
ings, we performed several in silico experiments to further explore the
influence of this residue and to elucidate its role in the improved binding
of the antibody to both the murine and human TEM1 orthologs.

for their huTEM1 affinity, were reformatted as scFv-Fc fragments to
develop new potential TEM1 radiommunoconjugates. These scFv-Fc
fragments (1C1-Fc, 4D8-Fc, 3F4-Fc, 3B6-Fc and 1C1m-Fc) were radio
labelled on the tyrosine residues with 125I, according to the Iodogen
method [34]. The radioiodinated antibodies were obtained with specific
activities between 4 and 72 MBq/nmol and an average radiochemical
yield above 90%. All 125I-labelled antibody fragments presented a very
high radiochemical purity of 99%, as determined by ITLC (Instant Thin
Layer Chromatography) analysis following purification by ultrafiltration
(see Supporting Figure S1). Possible effects of the radioiodination on the
antibody structure were further verified by size-exclusion (SE) HPLC and
SDS-PAGE analyses of the antibodies before and after radiolabelling.
Both analysis confirmed preserved structural integrity of the molecules
after the radiolabelling procedure (see Figure S2 and S3 in SI).
The radiochemical stability of the radioiodinated antibodies was
evaluated by ITLC analysis after incubation for 48 h at 37 ◦ C and 4 ◦ C in
both Phosphate-Buffered Saline (PBS) pH 7.2, and cell culture medium
(Dulbecco’s Modified Eagle Medium, DMEM). In PBS the radioiodinated
antibodies exhibited high in vitro stability, retaining radiochemical pu
rity values above 90% after the incubation period, with the exception of
the 1C1-Fc clone, which showed a lower radiochemical purity of 80% at
both temperatures. In cell culture media, all molecules showed radio
chemical purity above 90% after 48 h of incubation at both temperatures
(see Fig. S4 in SI).
The radioiodination of the antibody fragment 1C1m-Fc, selected as
the most promising in the in vitro evaluation, was also performed
through acylation of lysine residues using the 125I-labelled BoltonHunter reagent [35]. This approach, however, yielded radiolabelled
antibodies with lower specific activities (18–90 MBq/mg) than those
obtained by the direct radioiodination, with an average radiochemical
yield of 20% and a radiochemical purity of 99%, as determined through
ITLC analysis following purification by ultrafiltration (see Fig. S5 in SI).
2.2. Evaluation in cellular models
The panel of five TEM1-targeting recombinant antibodies was
screened in several cell lines to identify the most promising candidate for
radioimmunotherapy. The murine 2H11 cell line, previously reported as
a good model for tumour endothelium, was chosen for its well charac
terized high surface expression of muTEM1 [33]. The A673 cell line,
established from a patient with a primary Ewing’s sarcoma and reported
as a useful model for the study of endosialin-directed therapies, was
chosen for its moderate cell surface huTEM1 expression. As a negative
control, the endothelial murine cell-line MS1, with no reported TEM1
expression, was used [27,32,33].
2.3. Selection of the best performing clones: studies in TEM1+ and TEM1murine cells
Uptake studies were performed with the radiolabelled antibody
fragments, and 3F4-Fc and 1C1m-Fc were identified as the two clones
with the highest uptake in the muTEM1+ cell line (Fig. 1), reaching
maximum uptake values (per million cells) of 14% and 36%, respec
tively, after 24 h of incubation. The other three clones 4D8-Fc, 1C1-Fc
and 3B6-Fc had a very low uptake and were therefore not considered in
the following studies. None of the antibodies was observed to be taken
up significantly by the MS1 cells (below 3%, data not shown), suggesting
a selective TEM1-mediated uptake.
The internalization rate after the formation of the antibody-antigen
complex is a crucial parameter when assessing the biological potential
of a new antibody [36,37]. An internalization assay was performed for
the two radioiodinated antibodies that presented the highest uptake
values, 3F4-Fc and 1C1m-Fc, using the muTEM1+ cell line 2H11. At the
selected time points, the surface-bound and internalized antibody frac
tions were recovered separately and counted. The two antibodies
showed initially a similar rate of internalization, with 16% and 12% for

2. Results
2.1. Radiolabelling and stability studies
A panel of five scFv antibody fragments, selected by Phage Display
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Fig. 1. Cellular uptake values in the 2H11 (muTEM1+) cell line of the 125I-radiolabelled 3F4-Fc (n = 5), 3B6-Fc (n = 2), 4D8-Fc (n = 2), 1C1-Fc (n = 2), 1C1m-Fc (n
= 3).

3B4-Fc and 1C1m-Fc, respectively, of the total activity bound to the cell
internalized after 30 min, as shown in Fig. 2. This value increased slowly
over time for the fragment 3F4-Fc, with 32% of the total cell-associated
activity internalized. For the fragment 1C1m-Fc, the internalization
presented a higher increase overtime and reached, after 24 h of incu
bation, 44% of the total bound activity.
The two clones 3F4-Fc and 1C1m-Fc were further investigated in a
saturation assay, which was performed with the radioiodinated anti
bodies to determine their binding affinity and the receptor density in the
murine cell line 2H11. These parameters, expressed by the Kd and Bmax,
were calculated from a non-linear regression fit of the specific binding
data (Fig. 3). The Kd values obtained were encouragingly in the low
nanomolar range and very similar for the two clones, with values of 4.7
± 1.2 nM and 5.2 ± 2 nM for 3F4-Fc and 1C1m-Fc, respectively.
These Kd values appear to be comparable to those previously re
ported in the literature for similar radioiodinated TEM1 targeting mol
ecules. As an example, the Kd value determined for 125I-78Fc in a similar
assay, using the engineered cell line MS1-TEM1, was 0.95 ± 0.05 nM
[27]. The TEM receptor density in the 2H11 cell line, expressed as Bmax,
was determined to be 1.4 × 105 binding sites/cell in both experiments,
confirming the high TEM1 expression of this murine cell line chosen for
the in vitro muTEM1 model.

human TEM1 receptor reflected by a maximum uptake value of 4% in
the A673 cells, after 24 h. However, the 1C1m-Fc clone showed an
encouraging uptake in this cell line, with a maximum value of 23% after
24 h, suggesting a good binding affinity also for huTEM1, as shown in
Fig. 4 a.
The cellular uptake results allowed us to identify the 1C1m-Fc
fragment as the most promising candidate. Therefore, our subsequent
investigations focused only on this antibody fragment and included
blocking and saturation assays, as well as internalization studies. The
blocking assays, shown in Fig. 4 b, were performed on both muTEM1+
and huTEM1+ cell lines, by incubating the cells with the 125I-1C1m-Fc
antibody in the presence and absence of an excess of cold 1C1m-Fc. The
results highlighted how, in the presence of the cold antibody, a complete
blocking of the uptake was induced, indicating a specific TEM1mediated mechanism in both human and murine cell lines.
The rate of internalization of the radioiodinated 1C1m-Fc was also
determined in the huTEM1 expressing cell line A673. The assay was
performed over 24 h, similarly to the previous internalization assay, and
is shown in Fig. 5. After 30 min, the internalization was around 16% of
the total cell-associated activity and did not significantly increase during
the following 4 h. However, similarly to the previous assay, at the longer
incubation time points of 19 and of 24 h, half (53%) of the cell associated
activity was internalized.
The saturation assay data for the A673 cell line, presented in Fig. 6,
allowed the quantification of the binding affinity of the radioiodinated
1C1m-Fc antibody for the human TEM1 ortholog and the assessment of
receptor density in this cell line. A Kd value of 0.9 ± 0.5 nM was
determined in the A673 line, which is five-times lower than the Kd ob
tained in the muTEM1+ cell line, but in accordance with the Kd deter
mined for a similar radioiodinated molecule using an engineered TEM1

2.4. Evaluation of the best performing clones in human tumoural cells
The radiolabelled 3F4-Fc and 1C1m-Fc clones were next evaluated
for their binding to the human TEM1 receptor. The assays were carried
out using the A673 cell line of human origin derived from Ewing’s
sarcoma and characterized by a moderate TEM1 expression.
The 3F4-Fc antibody fragment showed only a modest affinity for the

Fig. 2.

125

I-3F4-Fc (n = 2) and

125

I-1C1m-Fc (n = 1) internalization results in 2H11 cell line.
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Fig. 3. Saturation assays of radioiodinated 3F4-Fc (n = 1) and 1C1m-Fc (n = 1) antibodies in 2H11 cell line (Kd values expressed in nM and Bmax values expressed as
binding sites per cell).

Fig. 4. a. Cellular uptake values for the
2H11 (muTEM1) and A673 (huTEM1).

125

I-3F4-Fc (n = 2) and

125

I-1C1m-Fc (n = 3) in A673 (huTEM1+) cell lines. b. Blocking assay of

125

I-1C1m-Fc (n = 1) on

Fig. 6. Saturation assay of 125I-1C1m-Fc antibody in A673 cell line (Kd values
expressed in nM and Bmax values expressed as binding sites per cell).

Fig. 5.

TEM1 protein and following a recently published method based on a
rectangular hyperbolic fit of the experimental data [38]. The study was
conducted for an antibody fragment concentration of 0.18 nM and the
obtained results led to a calculated IRF value of 82%, as shown in Fig. 7.
Despite the favourable results obtained with the 125I-1C1m-Fc
directly labelled through the incorporation of radioiodine in tyrosine
residues, it was considered that such a labelling strategy could poten
tially interfere with the interaction of the clone with the TEM1 receptor,
due to the presence of tyrosine residues in the antigen binding site. To
investigate this issue, the cellular uptake of 125I-1C1m-Fc radioiodinated
directly on the tyrosine residues or indirectly through the acylation of
the lysine residues with the radioiodinated Bolton-Hunter (BH) reagent
was compared. The studies were conducted using both the 2H11 and
A673 cell lines and comprised also antigen blocking experiments.

125

I-1C1m-Fc internalization assay in A673 (huTEM1+) cell line.

expressing cell line, as mentioned above [27]. This result suggests a
higher affinity of the 1C1m-Fc antibody for the huTEM1 receptor.
However, in agreement with the lower TEM1 expression of this cell line,
the receptor density expressed by the Bmax value is four-times lower (0.4
× 105 binding sites/cell), which can explain the lower uptake values
found using the human cell line compared to the murine cell line (see
Fig. 4) [31,33].
To gain a further insight on the binding ability of the 125I-1C1m-Fc
fragment towards the huTEM1 receptor, we next proceeded with the
determination of its immunoreactive fraction (IRF) using the human
236
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unrelated TEM1-targeting scFv-Fc [27,28]. The uptake in the kidneys at
4 h p.i. was 18% ID/g, with the value decreasing constantly over time
until reaching 6% ID/g at 72 h. The activity in the blood decreased from
11% ID/g at 4 h p.i. to 2% ID/g after 72 h indicating a slow blood
clearance as expected for Fc-containing antibody constructs of this
molecular weight (130 kDa).
The tumour/blood ratio was seen to increase over time from 0.3 at 4
h p.i. to a maximum value of 1.8, reached at 72 h. The tumour to muscle
ratio doubled between 4 and 24 h p.i. and then remained constant
through the following 72 h. The administration of KI and KClO4, to block
the thyroid and prevent uptake of 125I after in vivo dehalogenation, was
efficient in reducing the values to below 5% ID/g. A significant level of
uptake and retention was observed in the ovaries in accordance with
what has been seen in other studies, suggesting that healthy ovarian and
uterine tissues might have a non-negligible TEM1 expression
[26,27,39].

Fig. 7. Immunoreactive fraction assay for the 125I-1C1m-Fc antibody at a
concentration of 0.18 nM (the goodness of fit, expressed by R2, was determined
to be 0.8476).

2.6. Impact of mutating threonine to leucine at position 233
The antibody fragment 1C1m-Fc that emerged from this pre-clinical
study as the most promising candidate for TEM1 radioimmunotherapy
was produced by affinity maturation of its parental, huTEM1-specific
scFv clone, 1C1 (alternative ID: HS06), as recently published [30].
Screening for a molecular variant with increased binding affinity and
hu/muTEM1 cross-reactivity resulted in the isolation of the improved
scFv variant, 1C1m (mutant), and the construction of 1C1m-Fc. The
improved binding performance of 1C1m required only the replacement
of a single VH CDR3 threonine (residue 233) by a leucine. Despite this
single point mutation, a striking difference in the binding affinity for
muTEM1 was observed between 1C1-Fc and 1C1m-Fc, as indicated by
their respective rates of uptake in muTEM1+ 2H11 cells (see Fig. 1). To
better characterize this difference between the two proteins, we decided
to carry out comparative in vitro assays with radioiodinated 1C1-Fc and
1C1m-Fc in murine and human TEM1 expressing cell lines. For a more
robust comparison of the results between the cell lines, these cellular
uptake assays were performed using the same batches of radioiodinated
antibodies, under the same experimental conditions.
As expected, and shown in Fig. 10, both molecules were taken up by
human A673 cells. However, 125I-1C1m-Fc exhibited significantly
higher uptake levels than those exhibited by the parental antibody 125I1C1-Fc in the human cell line, confirming the improved affinity of the
mutant clone for the huTEM1 receptor. Nonetheless, this difference in
the uptake values in human cells was decisively less pronounced than
the one in the muTEM1+ cells, with these data confirming the huTEM1
selectivity of the 1C1-Fc parent clone.

The results obtained, displayed in Fig. 8 b, revealed a significant
enhancement of the uptake values observed in the murine cell line 2H11
for the antibody radiolabelled using the Bolton-Hunter procedure.
Nonetheless, the increase observed in the human cell line was modest
and allowed us to conclude that, at least in the A673 cell line, the
radioiodination using the Iodogen method did not significantly
compromise the binding affinity of the antibody for the TEM1 target
receptor. (P values greater than 0.01, multiple T-tests).
2.5. Evaluation in a Ewing’s sarcoma mouse model
A biodistribution study was performed with 125I-1C1m-Fc in nude
mice bearing A673 xenografts in a Ewing’s Sarcoma mice model. The
results of the biodistribution, shown in Fig. 9, indicate a relatively rapid
tumoural uptake, with 4% of the injected dose per gram (% ID/g) at 4 h
post-injection (p.i) and a maximum uptake of 5% ID/g occurring at 24 h.
The values were persistent until 72 h p.i., indicating a high tumoural
retention.
Non-target uptake was mostly observed in the liver, spleen and
kidneys. The activity found in the liver, due to the metabolism of radi
olabelled antibodies, decreased overtime and at 24 h p.i. was below 5%
ID/g. The highest uptake value of 35% ID/g was found at 4 h p.i. in the
spleen. This high spleen uptake decreased to below 10% ID/g at 48 h and
is consistent with the in vivo behaviour of a previously reported

Fig. 8. a. Blocking results of 125I-1C1m radiolabelled by BH method in 2H11 (grey) and A673 (black) cell lines. b. Comparison with
the BH (dotted line) and IODOGEN method (straight line in 2H11 (grey) and A673 (black) cell lines).
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Fig. 9. Biodistribution data for 125I-1C1m-Fc in A673 xenografts bearing mice, expressed as % I.D./g of organ, including the Tumour/Blood and Tumour/Muscle
ratios (mean ± S.D., n = 2 for 4 h and 48 h or n = 3 for 24 h and 72 h).

Fig. 10. Cellular uptake values for

125

I-1C1-Fc (n = 2) and

2.7. In silico studies

125

I-1C1m-Fc (n = 1) in A673 and 2H11 cell lines.

changes. In particular, the predicted epitopes for 1C1m-Fc in huTEM1
and muTEM1 highlight that ILE233 seems to be a relevant residue at the
interface, as opposed to huTEM1 and muTEM1 complexes with 1C1-Fc
where THR233 is not considered a interfacial residue (see Supporting
Figure S6).
Molecular dynamics (MD) simulations were used to analyse the
differences in the global dynamics of the studied systems, using the most
favourable docking structures as the initial conformations of the MD
simulations. Three replicas of 100 ns were performed to explore the
dynamic properties of the docked mu/huTEM1/1C1(m)-Fc complexes in
water. Snapshots of MD simulations from the final structures shown in
Fig. 11, indicate a clear influence of the THR233ILE mutation in the
interface between the TEM1 and the antibodies, in both human and
murine models. However, this influence is more evident in the muTEM1
complex system, as shown in Fig. 11 C and D.
The interface of the mu/huTEM1/1C1-Fc complexes was predicted
using Pymol, with a cut-off distance of 5 Å between the C-alpha pair of
the residues involved in protein-protein interactions. Considering the
change of the interface over time, we were able to obtain a realistic
picture of the dynamic behaviour of these systems. To quantify the in
fluence of the mutation on the dynamic behaviour of TEM1/1C1(m)-Fc
bindings, we used root mean square fluctuation (RMSF) calculations (see
Figure S7 in SI). The residues involved in the interaction with 1C1m-Fc,
for both huTEM1 and muTEM1, showed lower fluctuation amplitudes

To explore further the influence of the the single amino acid sub
stitution between 1C1-Fc and 1C1m-Fc, we performed molecular dock
ing studies using a computer-guided homology modelling procedure.
The 3D-structures of the conserved region of both murine and human
TEM1 extracellular domains, described as the binding site of anti-TEM1
recombinant antibodies [40], were docked onto models of the 1C1-Fc
and 1C1m-Fc antibody fragments, in order to assess the most stable
structure of each complex. The HADDOCK webserver allows both side
chains and the backbone to move at the refinement stage, increasing the
accuracy of the scoring compared with classical rigid body docking. The
comparison between the best docking models of the four complexes,
based on their highest HADDOCK scores [41], revealed slight differ
ences. In both systems (human and murine), the best scores were ob
tained with the 1C1m-Fc complexes versus the 1C1-Fc complexes:
muTEM1/1C1m-Fc (-150.8) compared with muTEM1/1C1-Fc (-148.4),
and huTEM1/1C1m-Fc (-122.3) compared with huTEM1/1C1-Fc
(-113.2).
Furthermore, visual inspection of the predicted binding modes
indicated that the best predicted complexes involved conformational
changes within the binding sites. A conserved epitope was predicted by
PyMOL (see Supporting Figure S6). The THR233ILE mutation clearly
influences the antibody fragment binding site and induces interface
238
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Fig. 11. Snapshots of molecular dynamics simu
lations from the final structures (100 ns). (A)
huTEM1 (dark grey) complexed with 1C1-Fc
(white); (B) huTEM1 (dark grey) complexed
with 1C1m-Fc (white); (C) muTEM1 (rose) com
plexed with 1C1-Fc (green); (D) muTEM1 (rose)
complexed with 1C1m-Fc (green). In all images,
huTEM1 and 1C1-Fc interface is represented in
dark rose and green, respectively. THR233 and
ILE233 are represented in yellow at 1C1-Fc and
1C1m-Fc complexes. (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article.)

when compared to the residues of 1C1-Fc. Even if in the 250–270 region
of the muTEM1/1C1m-Fc system a high fluctuation is observed (Fig. S7
D, SI), the average RMSF is still lower when compared to the other
systems, since more residues are involved in the interface.
The average number of H-Bonds established between interfacial
residues during the simulations were calculated as relevant information
to explain how the THR233ILE mutation influences the binding with the
target receptor. Our results indicated that the THR233ILE mutation
positively influences the binding, with an increase in the total predicted
number of H-bonds between the 1C1m-Fc antibody and both the human
and murine TEM1. In particular, the complex muTEM1/1C1m-Fc scored
the highest number of H-Bonds at interface as shown in Fig. 12.

survival regulated by the tumour microenvironment has been demon
strated in several studies [28,29,12]. Additionally, the analysis of
several sarcoma clinical specimens revealed TEM1 expression both on
malignant cells and on tumour vessels. Therefore, TEM1 is considered as
a promising target for antibody-mediated therapy of sarcomas. In fact,
this approach would allow to combine synergistically a direct anticancer
effect on the tumoural cells with a concomitant effect on the tumour
microenvironment, hampering the eventual survival, proliferation and
metastatization of residual tumour cells [23]. Currently, one TEM1
targeting antibody is being evaluated in several clinical trials [24,25].
Hence, the development of additional molecules with improved phar
macokinetic properties and alternative therapeutic strategies might
prove advantageous in this regard, in addition to furthering our un
derstanding of the potential of TEM1 targeted therapies.
Towards this goal, we decided to conduct an initial pre-clinical
investigation of several members of a recently isolated panel of novel,
fully human TEM1 targeting antibody fragments using 125I radio
labelling. After optimization of the radioiodination, possible effects on
the structural integrity of the radioiodinated molecules were evaluated

3. Discussion
The membrane receptor TEM1 has emerged in the last years as an
attractive biological target for anticancer therapies [17,23,27]. TEM1
expression has been found both in tumour stroma and neo-vasculature
and its pivotal role in the processes of tumour progression and

Fig. 12. Total number of H-Bonds in the interface, during molecular dynamics simulation time, for each of the four systems.
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using complementary techniques, including size exclusion HPLC and
SDS-Page. Their radiochemical stability was also evaluated in different
media and temperatures, before continuing with their in vitro and in vivo
functional characterization. The first round of studies on five tested
molecules led to the identification of 1C1m-Fc as the antibody fragment
with the highest binding affinity for the murine TEM1 receptor. The
strong murine cross-reactivity of the 1C1m-Fc clone was considered an
important advantage for conducting in vivo studies using human xeno
grafts, such as the Ewings sarcoma tumour model used here, as the
microenvironment responsible for the implantation and growth of the
tumour cell lines will express the murine TEM1 receptor [42].
The immunoreactivity (expressed as the immunoreactive fraction) of
the prepared 125I-1C1m-Fc towards the human TEM1 receptor was
assessed using a recently described procedure and determined to be
greater than 80% [38]. Following the establishment of 1C1m-Fc as the
principal clone of interest, an extensive in vitro evaluation of the 1C1mFc using TEM1+ human and murine cell lines, as well as a TEM1 null
murine line, confirmed the specificity of the molecule, with negligible
uptake observed for the latter cells, and potent blocking of uptake in the
TEM1+ cells by unlabelled cold antibody. Furthermore, internalization
data indicates that the rate of internalization of 125I-1C1m-Fc is quite
slow, both in human and murine cells with different TEM1 levels, with
appreciable internalization requiring 24 h of incubation, suggesting that
the antibody does not trigger the rapid migration of TEM1 from the cell
surface. At this time, it is not known whether 1C1m-Fc can physically
crosslink adjacent TEM1 molecules.
The analysis of the saturation assay allowed us to estimate Kd and
Bmax metrics for both murine and human cell lines. The results indicated
a low nM binding affinity of the selected antibodies towards the target
receptor, with Kd values in the range reported for previously charac
terised anti-TEM1 antibody fragments [27]. Interestingly, the results
obtained suggest a higher binding affinity of the 125I-1C1m-Fc for the
huTEM1 receptor, despite the higher uptake measured in the assay with
the murine cell line. This behaviour could be explained by the known
overexpression of TEM1 in the murine 2H11 cell line and is consistent
with the higher Bmax value determined for these cells relative to the
human A673 line (1.4 versus 0.4 × 105 binding sites/cell, respectively).
A contribution due to a greater avidity-driven/rebinding component
mediated by the bivalent antibody towards the higher target density on
the 2H11 cells also cannot be excluded.
The amino acid sequence of 1C1m-Fc has tyrosine residues located
within the antigen binding CDR3 loop of the heavy chain [30]. The
radioiodination of these residues could potentially induce a loss in the
binding affinity of the resulting radiolabelled molecule when compared
with the original antibody. By comparing two distinct radioiodination
approaches targeting both tyrosine and non-tyrosine residues, we
addressed this risk and, in the case of 1C1m-Fc, confirmed that direct
iodination via tyrosine and indirect labelling via general lysine chemis
try are both well-tolerated. These observations provide important in
sights with regard to future perspectives for developing 1C1m-Fc for
both imaging and therapeutic applications. For example, unlike 131I,
which has seen extensive use in the clinic for both imaging and therapy,
many of the matched radioisotope pairs suitable for theranostic appli
cations are radiometals, such as 68Ga/177Lu. In this case, the conjugation
of a suitable radiometal chelator to the carrier antibody is often achieved
through the acylation of free lysine side-chain amino groups and our
data would suggest that 1C1m-Fc may be compatible with such a
labelling approach. The radioiodinated 1C1m-Fc antibody was further
evaluated in a Ewing’s sarcoma xenograft mouse model. The outcome of
our biodistribution study demonstrated an in vivo behaviour comparable
to that of other TEM1 targeting molecules with similar structures
[23,27–29].
The discrepancy observed in the biological performance of the two
antibodies 1C1m-Fc and its parent 1C1-Fc, is due to a single amino acid
substitution at residue 233. This missense mutation was isolated
following random error-prone mutagenesis of the entire 1C1 scFv and

stringent phage display affinity screening against both human and mu
rine TEM1. The present work confirms the improved binding affinity of
1C1m-Fc towards huTEM1, and the acquisition of strong muTEM1 crossreactivity (which is absent in the 1C1-Fc parent clone). To further
investigate the influence of the point mutation in these experimental
results, we have performed in silico studies, namely to elucidate how
such mutation influences the antibody-antigen interactions. The results
of the docking studies revealed different conformational rearrangements
with the THR233ILE mutation leading to different putative binding
sites. Snapshots of MD simulations corroborated that the antibodyreceptor interface varies depending on antibody partner, with a larger
interface area in 1C1m-Fc antibody complexes. Furthermore, these
complexes seem to be more stable and with lower RMSF. The mutation
produces an additional positive influence on the binding by increasing
the number of H-bonds between the 1C1m-Fc antibody with both the
human and murine TEM1 subtypes. Future investigations focused on all
the specific residues involved in the interface changes are foreseen. Such
structural approach, taking into account all the protein-protein in
teractions (PPIs), was however out of the scope of the present work.
4. Conclusions
Taken together, our results have allowed us to identify a promising
candidate, 1C1m-Fc, as a suitable targeting molecule for the develop
ment of TEM1-targeted radioimmunoconjugates. The in vitro and in vivo
biological performance of the radioiodinated 1C1m-Fc fragment com
pares favourably with observations reported for other antibody frag
ments used in more advanced pre-clinical studies. The in silico approach
provided useful rationale and insight into our experimental results and
may represent a valuable tool to achieve improved antibody-antigen
interactions in the future. We believe that the 1C1m-Fc clone merits
further investigation of its utility for theranostic applications, both
following radioiodination with suitable medical iodine radioisotopes
and, in addition, with other relevant radionuclides.
5. Materials and methods
5.1. Antibody production
The 1C1 and 1C1m scFv clones were sub-cloned into a pTT-based
mammalian expression vector [43]. The vector was engineered to
contain a downstream and in-frame hinge and the human IgG1 CH2CH3
constant domains, to allow the production of scFv-Fc fusion proteins.
Recombinant proteins were produced using the mammalian HEK2936E/pTT transient expression system (National Research Council of
Canada; obtained under licence). HEK293-6E cells were grown in
Freestyle F17 medium (Thermo Fisher Scientific, #A13835) containing
4 mM GlutaMAX (Life Technologies, #35050061), 0.1% Pluronic® F-68
(Life Technologies, #24040032) and 25 μg/mL G418 (Life Technolo
gies, #10131019) at 37 ◦ C, 5% CO2 and 120 rpm. For transfection, the
vector DNA was mixed with FectoPRO (Polyplus, #116-010) trans
fection reagent in F17 medium without supplements, according to the
manufacturer’s instructions. After five days of culture to allow protein
expression, cultures were subjected to low speed centrifugation and the
media collected. Samples could be used immediately for direct capture
and immobilization (dCI) experiments or snap-frozen and stored at
− 80 ◦ C until required. ScFv-Fc fusions were purified from clarified
expression media using a HiTrap™ MabSelect column (GE Healthcare,
#11003494), followed by extensive dialysis against phosphate-buffered
saline (PBS) [30].
5.2.

125

I radiolabelling

5.2.1. IODOGEN
The radiolabelling was performed according to the IODOGEN
method [34]. Briefly, aliquots of antibody fragments (58–70 μg) in PBS
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were transferred into vials pre-coated with 100 μg of IODOGEN (Sigma
Aldrich). The appropriate amount of Na125I (Perkin Elmer), with activ
ities ranging from 5 to 50 MBq, was then added to the mixture and left
reacting during 5 min at room temperature. The antibodies were then
purified from unreacted residual 125I by ultrafiltration using Amicon
filters with 10 kDa cut-off, and recovered in PBS.

buffer (31.25 mM Tris (pH 6.8), 1.5% (w/v) SDS, 10% (v/v) glycerol,
0.001% (w/v) bromophenol blue) was added to each sample and the
mixture stirred. Samples of approximately 10 μg were loaded per lane
and resolved in a 10% polyacrylamide gel in a Mini-PROTEAN Tetra Cell
apparatus (Biorad, USA). Electrophoresis proceeded at 120 V during 2 h
in running buffer (0.025 M Tris, 0.192 M glycine, 0.1% (w/v) SDS).
Proteins bands were visualized by staining gels with Bio-Safe Coomassie
Blue G-250 stain (BioRad) and destained by washing with water for 30
min. Molecular weight standards (Color Burst Electrophoresis Markers,
Sigma-Aldrich, St. Louis, MO, USA) were also loaded in the gels for
reference. Finally, gels were placed between two cellophane sheets and
dried in vacuum and heat for long term storage.

5.2.2. Bolton Hunter
The radiolabelling was performed with slight modifications to the
Bolton-Hunter procedure [35]. A small volume of the radioiodinated
Bolton-Hunter reagent (Perkin Elmer) was transferred to an Eppendorf
vial and the THF evaporated under a nitrogen flux before the addition of
approximately 35 μg of 1C1m-Fc antibody in 0.1 M Borate Buffer at pH
8.5. After 15 min of reaction at 0 ◦ C, the 125I-1C1m-Fc antibody was
purified from unreacted residual 125I and other labelled products by
ultrafiltration using Amicon filters with 10 kDa cut-off. After purifica
tion, 125I-1C1m-Fc was recovered in PBS.

5.7. Determination of the immunoreactive fraction (IRF)
The immunoreactive fraction (IRF) of 125I-1C1m-Fc was assessed by
a conventional saturation assay, extrapolated to infinite antigen by a
rectangular hyperbola. A high-binding 96- well microplate (Costar
#3590, Corning) was coated with decreasing amount of recombinant
human TEM1 protein (LS-G85947-20, LSBio, Seattle, WA, USA) in
phosphate buffered saline (PBS) (100 μL, from 100 to 1.56 nM) for 16 h
at 4 ◦ C. After flicking the plate and washing three times with PBS (200
μL), the wells were blocked for 2 h with blocking buffer (2% BSA, 1 μM
EDTA and 0.05% Tween-20 in PBS). Three empty wells were also
blocked for nonspecific binding determination. The wells were rinsed
with PBS before the addition of a solution of 125I-1C1m-Fc in blocking
buffer (100 μL, 0.18 nM). The same volume of 125I-1C1m-Fc solution was
also pipetted in three γ-counter tubes as an internal control for the
measurement of the total activity and in the three empty wells that were
previously blocked for a blank triplicate (UBlank). The plate was incu
bated for 16 h at 4 ◦ C. The supernatant was collected in γ-counter tubes,
the wells rinsed once on ice with cold PBS and the pooled liquid was
counted in a calibrated gamma-counter (Wallac Wizard, Perkin Elmer).
The specific binding (BSpec) was calculated for each dilution step as the
difference in counts between the mean unbound supernatant of the
blank (UBlank ) and the unbound supernatant (U) : BSpec = UBlank − U. A
hyperbolic fit extrapolation of B/T = BSpec /UBlank at infinite antigen
concentration was done using Graphpad Prism 7 to provide the IRF
value. An assumption was made of a single binding site per antigen. The
mathematical aspect of this method was fully validated in a separate
publication [38].

5.3. Determination of the radiochemical purity
5.3.1. ITLC
After ultrafiltration, the antibodies were obtained with a radio
chemical purity up to 99% as determined by radio-TLC using ITLC-SG
strips eluted with MeOH/H2O (7:3) and by detection of the radioac
tivity in the strips on a miniGITA scanning device (Elysia Raytest). The
data were analyzed using the Gina analysis software (Elysia Raytest)
after manual integration of the peaks. In this system, the radiolabelled
antibodies remain at Rf = 0 while the unbound 125I radiochemical spe
cies migrate to the solvent front.
5.3.2. HPLC
Size Exclusion-HPLC analyses were performed on a PerkinElmer
Flexar UHPLC System (PerkinElmer) coupled to the Gabi Nova γ-de
tector (Elysia-raytest, Angleur, Belgium). Compounds were separated
using a Waters XBridgeTM Protein BEH SEC column (300 × 7.8 mm,
200 Å pore size, 3.5 μm particle size, 0.7 mL/min flow rate). Isocratic
elution was performed using 0.1 M phosphate buffer pH 6.5 as mobile
phase. Elution was monitored via absorbance at 220/280 nm or γ
detection.
5.4. Radiochemical stability
The antibodies were diluted in at least four times the volume of PBS
at pH 7.2 or cell culture media and incubated over 48 h at 37 ◦ C and 4 ◦ C.
At the selected time points, a drop of the radioactive solution was placed
on an ITLC strips and eluted with MeOH/H2O (7:3). The strips were
measured on a miniGITA scanning device and the results analysed after
manual integration of the peaks using Gina software (Elysia Raytest).

5.8. In vitro studies
5.8.1. Cell culture
Two endosialin/TEM1-positive tumor cell lines, human A673 (ATCC
CRL-1598) and murine 2H11 (ATCC CRL-2163) and one endosialin/
TEM1 negative murine cell line, MS1 (ATCC CRL-2279) were used for in
vitro assays. The cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with GlutaMAX and supplemented with 10% fetal
bovine serum (FBS). All cells were maintained at 37 ◦ C, 5% CO2 in a
humidified incubator and the absence of mycoplasma from all cell lines
was confirmed by regular testing.

5.5. Data analysis and statistics
All curve-fitting and statistical analyses were conducted using Prism
7.0 software (GraphPad). For Fig. 8 b the statistical significance was
determined by multiple t-tests (one per row) using the Holm-Sidak
method, with alpha = 0.05 and each row was analyzed individually,
without assuming a consistent SD. For Fig. 10 the statistical significance
was determined by multiple t-tests (one per row) using the Holm-Sidak
method, with alpha = 0.05 where each row was analyzed individually,
without assuming a consistent SD.

5.8.2. Cellular uptake assays
The cells were plated in quadruplicate in 24-wells cell culture plates
at a concentration of 2.5 × 105 cells/well in 500 µL of complete culture
media. The following day, the medium was removed and the adherent
cells incubated with approximately 20 KBq (0.5–0.7 µCi) of 125I labelled
scFv-Fc antibodies in 500 µL fresh media (humidified atmosphere with
5% CO2 at 37 ◦ C). At each of the six time points (30 min, 1 h, 2 h, 4 h, 19
h and 24 h), the medium was removed and the cells washed twice with
cold PBS at pH 7.2. Cells were then lysed with 1 M NaOH and the lysates
transferred to tubes and measured in a gamma counter to assess cell
associated activity. The results were expressed as percentage of bound

5.6. Gel electrophoresis experiments
Analysis by Sodium Dodecyl Sulphate - PolyAcrylamide Gel Elec
trophoresis (SDS-PAGE) of native and radioiodinated scFv-Fcs was
performed under reducing and non-reducing conditions. For SDS-Page
in non-reducing conditions an equal volume of non-reducing sample
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activity per million cells.

dose per gram of tissue (n = 3 or 2 for every time point).

5.8.3. Blocking assays
Blocking studies were performed similarly to cellular uptake assays.
The cells were plated in quadruplicate in 24-wells cell culture plates at a
concentration of 2.5 × 105 cells/well in 500 µL of complete culture
media. The following day, the medium was removed and the adherent
cells incubated with approximately 20 KBq (0.5–0.7 µCi) of 125I labelled
scFv-Fc antibodies and 6 µg of cold antibody to saturate the specific
binding sites. The radiolabelled and cold antibodies were added using
solutions in complete culture media and wells had a final volume of 500
µL.

5.10. In silico studies
5.10.1. Model construction and molecular docking
The 3D structures of hu/muTEM1 fragments (87% sequence iden
tity) within 324–390 region were constructed by homology modelling
using the MODELLER package, and the protein template P07204
(PDBID: 1DX5L) [44–46]. The structures obtained were clustered and
the lowest 20 free-energy conformations were identified. I-TASSER was
used to model the three-dimensional structure of the 1C1-Fc antibody
fragment [47]. There are several approaches to validate homology
models such as built-in metrics of open-source and licensed software. In
our study, we chose the combination of MODELLER’s metrics, ProSAweb and ProQ to provide a reliable protocol to create valid models to
be used in the molecular docking studies [48–50]. The 1C1m-Fc
THR233ILE mutation was performed using Pymol wizard [51]. Dock
ing was performed with the HADDOCK2.2 web server [52]. Default
parameters were used, and the modelled 1C1 scFv-Fc and 1C1m scFv-Fc
that interact with TEM1 was selected for docking. The resulting docked
orientations within a RMSD of 2 Å were clustered together. The interface
for each complex was determined using PyMOL v2.0 with the Interface
Residues python script, which employs a cutoff value for the difference
in the solvent-accessible areas of each protein to determine interface
residues. Using a cutoff value of 5, PyMOL predicted the 1C1-Fc and
1C1m-Fc portion of the Fc/TEM interface. The highest HADDOCK scores
complexes were then used for the MD simulations studies.

5.8.4. Internalization assays
Cellular internalization assays were performed in quadruplicate in
24-wells cell culture plates at 2,5 × 105 cells/well in 500 µL of complete
culture media and incubated at 37 ◦ C for a period of 24 h. The following
day, the medium was removed and the adherent cells incubated with
125
I-radiolabelled scFv-Fc antibodies and left in humidified atmosphere
with 5% CO2 at 37 ◦ C. At each of the six time points (30 min, 1 h, 2 h, 4 h,
19 h and 24 h), the cells were washed with ice-cold medium to stop the
incubation. Cell-surface-bound radioactivity was removed by two steps
of acid wash using 50 mM HCl-Glycine buffer at pH 2.7 during 5 min at
room temperature. The pH was neutralized with cold PBS with 0.2%
BSA, and subsequently the cells were lysed by 5 min incubation with 1 M
NaOH at 37 ◦ C to determine internalized radioactivity. The radioactivity
associated to each fraction was measured in a gamma counter and the
internalized fraction expressed as the percentage of total added activity
per 106 cells.

5.10.2. Molecular dynamics simulations
MD simulations of huTEM1/1C1-Fc, huTEM1/1C1m-Fc, muTEM1/
1C1-Fc and muTEM1/1C1m-Fc were performed using GROMACS
2018.3 and the Amber ff99SB-ILDN force field [53–56]. Each complex
was solvated by a TIP3P water box with 12 Å buffering distance to the
boundary, which was verified throughout the simulations. The simula
tion systems were kept neutral by adding the necessary counterions.
Simulations were performed in the NPT (isothermal-isobaric) ensemble.
Temperature coupling was performed using the v-rescale thermostat at
300 K, with a coupling constant of 0.1 ps, while an isotropic ParrinelloRahman barostat was used to keep the pressure constant at 1 bar using a
coupling constant of 2.0 ps and a compressibility of 4.5 × 10− 5 bar− 1
[57–59]. The initial system energy was first minimised for 50.000 steps,
followed by two equilibrations of 250 ps. Three production runs were
performed for each system, each 100 ns-long. The RMSF calculations
were carried out in GROMACS version 2018.3 [53–55].

5.8.5. Saturation assays
Cells were incubated in triplicate at 4 ◦ C during 4 h with increasing
concentrations of the 125I-radiolabelled scFv-Fc antibodies (0.1 nM–25
nM) plus a nonspecific binding control sample containing cold antibody
(approx. 2 µM). After the incubation, the radioactive solution was
removed, and the cells washed with fresh PBS. Successively, NaOH 1 M
was added and the rest of cell suspension was transferred into test tubes
for measurement in a gamma counter. Analysis of the results by nonlinear regression using GraphPad Prism 7, allowed determination of
the ligand binding affinity Kd and the maximum number of binding sites
Bmax.
5.9. Biodistribution studies
Animal studies were conducted in conformity with the national law
and with the EU Guidelines for Animal Care and Ethics in Animal
Experimentation. The animals were housed in a temperature- and
humidity-controlled room with a 12 h light/12 h dark schedule and with
access to water and food ad libitum. Biodistribution of the 125I-1C1m-Fc
antibody, radiolabelled following the Iodogen procedure, was evaluated
in 10–12 weeks old NMRI-Nude female mice (Charles River) with A673
xenografts, weighing approximately 18–22 g. A 70 μL bolus containing a
suspension of 5 × 106 freshly harvested human A673 cells in Matrigel
was subcutaneously injected in the right shoulder of each mouse. The
animals were kept under aseptic conditions and 14 days later developed
tumours with an average size of 124 ± 35 mm3 at the inoculation site.
Two days before injection of the 125I-1C1m-Fc, KI (1 mg/mL) and KClO4
(2 mg/mL) were added to the water bottle to limit thyroid uptake of free
Iodine-125. Xenograft-bearing animals were intravenously injected by
tail vein administration of 125I-1C1m-Fc (9 kBq, 0.2 μg of 1C1m-Fc)
diluted in 100 μL of NaCl 0.9%. The animals were co-injected with 10
mg/kg of IgG to saturate neonatal Fc receptor. At 4, 24, 48 and 72 h,
tissues of interest were dissected, weighed, and their radioactivity was
measured using a γ-counter (Wizard 1470 Gamma Counter, Perki
nElmer). The uptake of 125I-1C1m-Fc in the tissues was calculated and
expressed as the average of the percentage of the injected radioactivity

5.10.3. Protein-protein interfacial characterization
In-house Visual-Molecular-Dynamics (VMD) script were used to
calculate H-Bonds between residues in the interfaces [60]. Interfacial
residues were defined as any residues where C-alphas were within a 5 Å
cut-off of the other chain to ensure that no meaningful interaction was
lost due to loop movement during MD. Pymol script was used to define
these interfaces.
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