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Abstract: Nanobodies are well-established targeting ligands for molecular imaging and therapy:.
Their short circulation time enables early imaging and reduces systemic radiation exposure. However,
shorter circulation time leads to lower tracer accumulation in the target tissue. Cell-penetrating
peptides (CPPs) improve cellular uptake of various cargoes, including nanobodies. CPPs could
enhance tissue retention without compromising rapid clearance. However, systematic investigations
on how the functionalities of nanobody and CPP combine with each other at the level of 2D and 3D cell
cultures and in vivo are lacking. Here, we demonstrate that conjugates of the epidermal growth factor
receptor (EGFR)-binding nanobody 7D12 with different CPPs (nonaarginine, penetratin, Tat and hLF)
differ with respect to cell binding and induction of endocytosis. For nonaarginine and penetratin
we compared the competition of EGF binding and performance of L- and D-peptide stereoisomers,
and tested the D-peptide conjugates in tumor cell spheroids and in vivo. The D-peptide conjugates
showed better penetration into spheroids than the unconjugated 7D12. Both in vivo and in vitro,
the behavior of the agent reflects the combination of both functionalities. Although CPPs cause
promising increases in in vitro uptake and 3D penetration, the dominant effect of the CPP in the
control of biodistribution warrants further investigation.

Keywords: cell-penetrating peptides; molecular imaging; nanobody; spheroids; tumor target-
ing; biodistribution

1. Introduction

Nanobodies are soluble antigen binding proteins derived from the variable part of
the single heavy chain of camelid antibodies (VHH) [1]. They are approximately ten times
smaller than a full monoclonal antibody (about 15 kDa), very stable and easy to produce.
Furthermore, they can be generated and selected to bind a wide range of epitopes, with
affinities in the nanomolar range. Nanobodies can also recognize concave epitopes, which
are structurally inaccessible for antibodies [2,3]. Due to their small size, they clear faster
from the circulation than antibodies. In addition, in vitro and in vivo results demonstrate
that they penetrate deeper into tissue, reaching a more homogeneous distribution through-
out the whole tumor mass [4,5]. These characteristics make nanobodies excellent tools for
molecular imaging, targeted therapy and the combination thereof, named theranostics.
Their potential as imaging and/or therapeutic tracers has already been shown for a number
of targets [6].
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However, there are challenges to overcome. Fast blood clearance provides good
contrast at early timepoints, but narrows the time window in which a nanobody can
reach the target tissue. For optimal imaging, clearance and tissue uptake should be
in balance. In preclinical tumor models, specific tumor accumulation of nanobodies is
typically <10%ID/g at the optimal timepoint [7-9], compared to the 30%ID/g or higher of
some monoclonal antibodies [5,10,11]. Several approaches that increase tissue targeting also
increase the molecular weight, shifting the balance back to increased plasma half-lives, and
possibly compromising tissue penetration. One example is the development of nanobody-
based multispecific or multivalent tracers [12,13]. Other modifications that increase the
plasma half-life are addition of albumin-binding domains and PEGylation [14-18].

Ideally, rapid and specific tissue uptake should be enhanced without increasing the
molecular weight, to preserve fast clearance of an unbound nanobody. One strategy is to
engineer the nanobody sequence itself, by substituting amino acids at certain positions of
the original sequence to add positive charges to the surface [17]. This approach has also
been applied to antibodies [18]. However, this “cationization” or “re-surfacing” increases
retention in all organs and can also reduce affinity, counteracting specific targeting and
augmenting radiation exposure of healthy tissues.

In order to enhance specificity, addition of tumor targeting peptides has also been
explored. These peptides are only a few amino acids long and thus do not considerably
change the molecular weight of the targeting agent. In this direction the addition of an
RGD or iRGD peptide, which targets integrin «v33, has attracted considerable atten-
tion [19-21]. iRGD addition has also been pursued for a nanobody and an antibody [19,22].
CendR peptides, or cleavable forms of them, are other examples. The CendR motif binds
to Neuropilin-1, and this interaction helps endocytosis [23]. However, integrins and
Neuropilin-1 are also expressed in healthy tissues.

Cell-penetrating peptides (CPPs) induce cellular uptake in a receptor-independent
manner. Since their discovery in the 90s [24,25] they have been employed to mediate
uptake of oligonucleotides [26], peptides [27], antibodies [28,29] and nanoparticles [30,31].
Therefore, CPPs are also good candidates to enhance cellular uptake and tissue retention of
tumor targeting agents.

Previously, we conjugated the anti-EGFR nanobody 7D12 to a CPP derived from
human lactoferrin (hLF) [32]. This conjugate was taken up through endocytosis to a higher
extent than the unconjugated 7D12 [33]. This uptake was independent of EGFR activation,
demonstrating synergy between receptor targeting by the nanobody and internalization
triggered by the CPP. Moreover, we recently found that CPPs rapidly penetrate into
tumor cell spheroids [34]. The capacity to penetrate was more pronounced for the CPP
nonaarginine (R9) than for the amphipathic penetratin (Pen) peptide and D-peptides were
superior to their L-peptide counterparts. Furthermore, R9 enhanced spheroid penetration
of elastin-like polypeptide nanoparticles [30].

Both observations combined suggest that nanobody-CPP conjugates have the potential
to specifically target, penetrate and be retained in tumors in vivo. However, to exploit
this potential fully, more mechanistic insight is needed. As CPPs differ in terms of charge,
secondary structure and amphiphilicity, it is plausible that also the respective nanobody-
CPP conjugates will interact differently with cells and tissues. In the context of theranostics,
it will be of particular interest to understand to which extent the targeting functionality
can counteract the propensity of the CPP to distribute to the liver and kidneys [35,36]. To
understand the interplay between nanobody (or targeting moiety) and CPP, we followed
up on our previous results by conjugating 7D12 to four different CPPs: hLF, R9, Tat
and Pen. R9, Tat and hLF are cationic CPPs that all show comparable cellular uptake
characteristics [37], while Pen is more amphipathic.

We assessed binding and uptake of the conjugates on cell monolayers, also in the
presence of the natural EGFR ligand EGF. Furthermore, for the penetratin and nonaarginine
conjugates (7D12-Pen and 7D12-R9), we probed EGFR phosphorylation, and binding and
uptake at low concentrations of radiolabeled conjugate. We included conjugates of the
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D-peptide variants in the comparison, and evaluated their 3D penetration and retention in
cell spheroids and in vivo biodistribution in mouse models. Each CPP enhanced binding
and internalization of 7D12 in a distinct manner. For the conjugates tested, CPPs enhanced
retention and penetration into SKOV3 spheroids. However, this did not translate into
higher tumor uptake in an in vivo model.

2. Results
2.1. Production of Nanobody-CPP Conjugates

The recombinantly expressed and purified 7D12 anti-EGFR nanobody was coupled to
either the fluorophore Atto532 or the chelator DTPA via maleimide chemistry (Figure 1A),
and to each CPP via Sortase A-mediated transpeptidation (Figure 1B, CPP sequences in
Table S1). All conjugates were pure and were in the expected size range as confirmed by
SDS-PAGE stained with Coomassie brilliant blue (Figure 1B,C) and ESI-ToF mass spectrom-
etry (Table S2 and Figure S1). Observed masses were very close to the calculated masses.

)
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Figure 1. (A) Schematic representation of coupling of the Atto532 dye or DTPA chelator to the unpaired cysteine in 7D12
using maleimide chemistry and (B) sortase A-mediated transpeptidation for coupling of the various CPPs to the C-terminus
of 7D12. (C) Coomassie brilliant blue-stained SDS-PAGE gel of 7D12-Atto532 conjugates; 1: 7D12-Atto532; 2-3: reaction
mixtures: (2: 7D12-Atto532-Pen, 3: 7D12-Atto532-hLF) 4-7: purified conjugates (4: 7D12-Atto532-R9, 5: 7D12-Atto-532-Pen,
6: 7D12Atto532-Tat, 7: 7D12-Atto532-hLF). Slight differences in band height are due to different molecular weights of
the peptides. (D) Coomassie brilliant blue-stained SDS-PAGE gel of 7D12-DTPA conjugates; 1: 7D12, 2: 7D12-DTPA,
3: 7D12-DTPA-19, 4: 7D12-DTPA-pen. The arrow points to a small amount of Sortase A that could not be removed

with purification.

2.2. Differential Uptake of 7D12-CPP Conjugates in EGFR Expressing Cells

First, we evaluated binding and uptake of the 7D12-Atto532-CPP conjugates in A431
cell monolayers, using live-cell confocal microscopy. Conjugates were used in low micro-
molar concentrations as reported previously [33].

All nanobody variants showed endosomal uptake (Figure 2A). Visually, the presence
of endosomes was higher for 7D12-R9, 7D12-Pen and 7D12-Tat than for 7D12-hLF and



Pharmaceuticals 2021, 14, 602

40f22

7D12-R9

unconjugated 7D12. Membrane localization was less intense for 7D12-Atto532-Pen and
7D12-Atto-532-hLF than for the other variants. Visual inspection suggested more vesicular
uptake in relation to the membrane-bound fluorescence for 7D12-Atto532-Pen. Total
fluorescence intensity (total cell binding) was significantly lower for 7D12-Atto532-Pen,
7D12-Att0532-Tat and 7D12-Atto532-hLF in comparison to 7D12-Atto532. Signal intensities
of 7D12-Atto532-R9 and 7D12-Atto532 were similar (Figure 2B).
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Figure 2. (A) Visual comparison of the binding and uptake of the different 7D12-Atto532-CPP conjugates in A431 cells.
Upper panels: whole field of view. Lower panels: enlargements of the indicated areas. (B) Quantification of the mean
fluorescence intensity in each field of view. Data from two independent experiments, two fields of view per experiment.
Intensity values of experiment 2 were normalized to intensity values of experiment 1. However, note that for experiment 2,
the overall intensity was lower. Each dot represents a field of view and error bars indicate SD. Differences in mean pixel
intensity were analyzed with a one-way ANOVA and a post hoc Dunnett’s test comparing each 7D12-CPP conjugate to the
unconjugated 7D12. We accepted a type I error of 5% (p < 0.05). Significant differences are indicated with an asterisk.

Of the CPPs we tested, nonaarginine and penetratin differ the most in their amphi-
pathicity. Although penetratin showed an overall lower intensity and lower cell membrane
binding, the low membrane staining and high number of endosomes suggests that its
internalization was more efficient in respect to the amount of binding. In previous research,
we had observed that nonaarginine showed a faster and deeper penetration of tumor cell
spheroids than penetratin [34]. As our goal was the application of the conjugates in vivo,
for a further comparison of conjugates we selected these two peptides.

2.3. Competition of EGF Binding by 7D12-R9 and 7D12-Pen

The binding site of 7D12 on EGFR overlaps with that of the natural ligand EGF [38].
Therefore, we were interested on whether unconjugated 7D12 and the 7D12-CPP conjugates
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differed in the competition with EGF. To avoid internalization of EGFR, A431 cells were
incubated with the compounds at 4 °C.

In the “coincubation” experiments, cells were preincubated with nanobody or con-
jugate and EGF was added in the presence of conjugate after 30 min. 7D12-Atto532-CPP
conjugates were slightly but consistently better in competing with EGF binding compared
to 7D12-Atto532 (Figure 3A). However, none of the conjugates showed better binding
than unconjugated 7D12 in coincubation with EGF (Figure 3B). EGF has a low nanomolar
affinity for EGFR while the KD of 7D12 is in the upper nanomolar range [33,38,39]. Com-
petition with EGF may explain the smaller difference between 7D12-Pen and 7D12 in this
experiment (Figure 3B), compared with the previous one (Figure 2).

EGF compound
A B
100- 50-
> >
= 8o £ 404
c c
K 3
£ 604 * E 30-
s | - T
x _— x
5 40- * 2. 204 jj
c |  TTTTTTTT c L
g 20 2104 _L ——
TR g —0
c ) ) L L} c L} L} L) L}
o rl ¥ & o ¢ Ol &
& WV A & X NV A s
A S A O
C D
1004 . 50+ «
> | T > | e
= 804 2 40-
c * c
N — 3
£ 607 % > € 304
g | ¢ % g
2 40- 4 3. 20- ==
: ' ; =
g 204 —t g 10
c L] 1 1 1 c L) ) T L
AN ) N U »
3l g S «° Gl R° S &
N NV A ° S v &
A ;\0 A '\o

Figure 3. Signal intensity (arbitrary units) reflecting binding of biotinylated EGF (left) and the different conjugates (right) on

A431 cells. Dots represent the mean pixel intensity of a field of view. Two fields of view were taken for each of 2 independent

experiments. Error bars indicate SD. (A) EGF binding after coincubation. Cells were incubated at 4 °C for 30 min with

nanobody, then EGF was added to the same media. (B) Conjugate binding after coincubation. (C) EGF binding after

sequential incubation. Cells were incubated at 4 °C for 30 min with nanobody, then media were removed and medium with

EGF was added. (D) Conjugate binding after sequential incubation. Differences in intensity were analyzed separately for

the conjugate and for EGF, using a one-way ANOVA and a post hoc Bonferroni test comparing 7D12-R9, 7D12-Pen and

7D12 to each other. We accepted a type I error of 5% (p < 0.05). Significant differences are indicated with an asterisk.

In the “sequential incubation” experiments, cells were first incubated with 7D12 or
7D12-CPP and subsequently with EGF, in the absence of 7D12 or conjugate. Again, both
conjugates were more effective in competing for EGF compared to unconjugated 7D12-
Atto532 (Figure 3C). Notably, 7D12-Atto532-R9 led to a significantly higher reduction
of EGF binding than 7D12-Atto532-Pen. Additionally, both conjugates showed stronger
binding than 7D12-Atto532 in these conditions (Figure 3D). These results are in line with a
stronger membrane binding of 7D12-R9 compared to 7D12-Pen.
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2.4. The Effect of 7D12-R9 and 7D12-Pen on EGFR Activation

In our previous work we showed that 7D12-hLF induces receptor internalization
without activation. We assessed whether this also holds for 7D12-Atto532-R9 and 7D12-
Atto532-Pen. A431 cells were incubated with 7D12-Atto532 and each CPP-conjugate in low
serum conditions. EGF was added for the last 10 min before fixating the cells, and EGFR
phosphorylation was detected by immunofluorescence.

The conjugates reduced EGFR phosphorylation to the same extent as the unconjugated
nanobody. Compared to 7D12-Atto532, both CPP-conjugates caused a small increase in
phosphorylation in the absence of EGF stimulation (Figure 4A), however the difference was
not significant. As observed in the sequential incubation experiment at 4 °C (Figure 3D),
the amount of bound 7D12-Atto532-R9 conjugate was significantly higher than that of
7D12-Atto352 and 7D12-Atto532-Pen (Figure 4B).
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Figure 4. (A) Fluorescence intensity (arbitrary units) of immunostaining with an anti-pTyr antibody. (B) Fluorescence
intensity of the bound conjugates. Each bar represents the mean intensity per pixel, taken from ROIs of 4 fields of view
per condition, 2 from each of 2 independent experiments (+incubation without/with EGF). Each dot represents a field of
view and error bars indicate SD. We tested the differences with a one-way ANOVA and a post-hoc Tukey’s test comparing
all conditions to each other. We accepted a type I alpha error of 5% (p < 0.05). Significant differences are indicated with
an asterisk.

2.5. Binding and Uptake of 7D12-DTPA-R9 and 7D12-DTPA-Pen and Their D-Peptide
Counterparts at Picomolar Concentrations

The proteolytic stability of D-amino acid peptides is advantageous for in vivo appli-
cations. However, we previously observed lower endosomal uptake of all D-amino acid
CPPs compared to their L-amino acid counterparts [40]. For nanobody conjugates, confocal
microscopy revealed little visual difference between L- and D-peptide pairs (Figure S2A-D).
Nevertheless, D-peptide conjugates did show lower total fluorescence (Figure S2E). Fur-
thermore, in sequential EGF incubation (as explained for Figure 3), both L- and D-peptide
conjugates inhibited EGF binding to a similar degree (Figure S2F). In view of these results,
and in preparation of in vivo experiments, we assessed binding and internalization of
radiolabeled conjugates of both L- and D-peptides.

Cells were incubated with [111In]In-DTPA-7D12, [M'In]In-DTPA-7D12-R9 and [ In]In-
DTPA-7D12-Pen and their D-amino acid counterparts at an approximate concentration of
5 pM (Figure 5). The conjugates were radiolabeled with a specific activity 0.37 MBq/ pg.
Purity was checked by iTLC and exceeded 90%. Interestingly, binding and internalization
differed strongly between CPPs and between the stereoisomers of one CPP.
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Figure 5. Binding and internalization assay of [111In]In-DTPA-7D12, [111In]In-DTPA-7D12-Pen and
[111In]In-DTPA-7D12-R9 using A431 and HEK293 cells. (A) A431 cells, L-peptide conjugates (B) HEK
cells (EGFR negative), L-peptide conjugates. (C) A431 cells, D-peptide conjugates. (D) HEK cells
(EGEFR negative), D-peptide conjugates. Error bars show SD of three experimental replicates.

Conjugated [MIn]In-DTPA-7D12 showed good binding (28.0% =+ 0.2%), and inter-
nalization (6.0% £ 0.1%) in A431 cells after 1 h incubation (Figure 5A). Both binding and
internalization were completely blocked with excess of non-radiolabeled unconjugated
7D12, and there was minimal binding to negative control HEK293 cells (1.2% =+ 0.04%),
confirming EGFR specificity (Figure 5B). Binding of [} In]In-DTPA-7D12-R9 to A431 cells
was notably higher compared to [ In]In-DTPA-7D12 (39.0% + 0.7% vs. 28.0% =+ 0.2%),
while internalization was not remarkably altered (7.5% =+ 0.4% vs. 6.0% = 0.1%). In contrast
to the unconjugated nanobody, binding and internalization of [!!In]In-DTPA-7D12-R9
could not be blocked. Additionally, binding to and internalization in HEK293 cells was
observed (33.0% =+ 2.8% and 4.8% = 0.3%, respectively) demonstrating a prominent role of
the CPP in the cell association.

The binding pattern of the penetratin conjugate differed considerably from that
of the R9 conjugate. [M''In]In-DTPA-7D12-Pen showed significantly increased binding
(39.0% = 0.7% vs. 28.0% == 0.2%) and internalization (17% =+ 1.3% vs. 6.0% 4= 0.1%) in A431
cells when compared to [M"In]In-DTPA-7D12. However, in contrast to the R9 conjugate,
binding could partly be blocked by unlabeled 7D12 (20% = 0.5% binding and 12% =+ 0.2%
internalization when blocked). Increased binding to and internalization into HEK293
cells was also observed for [M'1In]In-DTPA-7D12-Pen (12.5% =+ 1.3% and 5.7% =+ 1.6%,
respectively), however, it was notably lower than for ['''In]In-DTPA-7D12-R9. Remark-
ably, binding of ['!'In]In-DTPA-7D12-Pen to HEK cells (EGFR negative) could also partly
be blocked by unlabeled 7D12, which suggests that the nanobody contributes to some
unspecific interactions with the cell surface.

For the D-peptide conjugates, binding to A431 cells could be blocked to a larger extent
than for the L-peptides. On HEK cells, binding was less. For both cell lines, the D-peptides
internalized less than the L-peptides. Overall, these results demonstrate weaker binding of
the D-peptide conjugates, which renders the interaction more nanobody dependent.

2.6. D Tissue Penetration and Retention in Cell Spheroids

Next, we addressed the penetration of the conjugates into cell spheroids. We focused
on 7D12-r9 and 7D12-pen (the D-peptide conjugates) as r9 and pen had outperformed
their L-analogues in previous 3D experiments [34], most likely due to their enhanced
proteolytic stability.
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Next to the A431 cells, which highly overexpress EGFR, we also used SKOV3 cells
with a medium-high EGFR expression (Figure 6). Monolayers of both cell-lines were
tested in parallel for comparison with the 3D observations (Figure S3). An anti-GFP
nanobody was included as a control to single out the impact of the CPP. For this nanobody,
conjugation with penetratin was repeatedly unsuccessful. Therefore, only results for the
anti-GFP-Atto532-r9 conjugate are shown.

The 7D12-Atto532-r9 conjugate and anti-GFP-Atto532-19 fully penetrated the SKOV3
cell spheroids. 7D12-Atto532-pen reached some cells in the core of the spheroid but
showed a brighter signal at the periphery. The unconjugated nanobodies showed almost
no retention in the spheroids, demonstrating that in the SKOV3 spheroids 3D penetration
is mostly peptide mediated (Figure 6A).

In contrast, for the A431 spheroids penetration was incomplete, with all compounds
showing strong binding to the rim (Figure 6B). However, also for the anti-GFP-Atto532-
r9 conjugate only very limited penetration was observed which can best be explained
by a higher density of the A431 spheroids in comparison to the SKOV3 cell spheroids.
Therefore, for the EGFR binding conjugates, the restriction of binding to the rim may also
be a function of cell density rather than the high density of EGFR that may act as a binding
site barrier [41]. Next to the limited penetration of the non-targeted anti-GFP-r9 conjugate
also the fact that A431 spheroids were smaller in spite of the same cell number supports
this explanation.

In SKOV3 cell monolayers, uptake of both conjugates was higher compared to uncon-
jugated 7D12 (Figure S3A). In A431 cell monolayers unconjugated 7D12 showed strong
membrane staining. The conjugates showed lower fluorescence intensity but more en-
dosomal uptake, and there were no remarkable differences between them (Figure S3B).
In all conditions, the anti-GFP-Atto532-19 conjugate showed CPP-driven internalization,
notably without membrane staining on cell monolayers. No uptake was observed for the
unconjugated anti-GFP nanobody.

Notably, these experiments were performed at a concentration of 0.5 uM instead of
2 uM, because it was technically not possible to reach higher concentrations in the small
culture volumes of the spheroids. This could account for the smaller differences between
7D12-Att0532-19 and 7D12-Atto532-pen, in comparison to the previous experiments.

Both in 2D and 3D, total fluorescence intensity was lower in SKOV3 cells than in
A431 cells, likely reflecting the lower receptor expression. Furthermore, the differences
between 7D12-Att0532-19 and 7D12-Atto532-pen were clearer in SKOV3 cells than in A431
cells. This suggests that when nanobody-driven interactions were less prominent (due to
lower receptor expression) the role of the CPP gains importance. In this context, penetratin
was less active as a CPP than nonaarginine.

2.7. Biodistribution and SPECT Imaging of the r9 and Pen Conjugates In Vivo

Finally, we assessed the in vivo biodistribution of the D-peptide conjugates in nude
mice. To compare accumulation in tumors with different EGFR expression, mice were
inoculated with an A431 tumor on the left flank and a SKOV3 tumor on the right flank.
Tracer accumulation in tissues was measured at 4 h and 24 h post-injection. The complete
summary of the results can be found in Tables S3 and S4.

Overall, tracer accumulation was higher in A431 than in SKOV3 tumors (9.6% =+ 2.3%
vs. 2.2% = 0.7% for 7D12, 2.0% =£ 0.4% vs. 1.1% =+ 0.0% for 7D12-r9 and 5.0% =+ 0.3%
vs. 2.0% % 0.5% for 7D12-pen at 4 h post-injection), and it was higher at 4 h than at
24 h post-injection (4.8% =+ 0.4% for 7D12, 1.2% =+ 0.2% for 7D12-r9 and 2.7% = 0.7% for
7D12-pen in A431 tumors). Unconjugated [111In]In-DTPA-7D12 showed the highest tumor
uptake (Figure 7). Bigger tumors accumulated more tracer in absolute values, but the
variability in uptake did not depend on tumor size when uptake was corrected for organ
weight (Figures 54 and S5). [111In]In-DTPA-7D12-pen showed higher tumor accumulation
than [111In]In-DTPA-7D12-r9. In line with the results of the binding and uptake assays,
tumor accumulation of [111In]In-DTPA-7D12-pen was more efficiently blocked than that
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of [111In]In-DTPA-7D12-r9. We observed an increase in liver uptake for both conjugates,
while kidney uptake was lower, in comparison to unconjugated 7D12.

7D12 7D12-r9

7D12-pen

anti-GFP anti-GFP-r9

7D12 7D12-r9 7D12-pen

anti-GFP anti-GFP-r9

Figure 6. Comparison of conjugate and nanobody binding and uptake in spheroids. Incubation was done for 1 h with a
concentration of 500 nM. (A) SKOV3 spheroids and (B) A431 spheroids. All spheroids were fixed and cleared to be able to
visualize the whole cell mass.
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Figure 7. Ex vivo biodistribution results. Each dot represents one value, error bars represent
SD, solid bars represent the mean. (A) Biodistribution of [111In]In-DTPA-7D12-r9 in all organs.
(B) Biodistribution of [111In]In-DTPA-7D12-pen in all organs. (C) Biodistribution of [111In]In-
DTPA-7D12 in all organs. (D) Tumor accumulation for each condition and cell line. Differences
in accumulation between compounds were evaluated for each timepoint and tumor type with a
one-way ANOVA, and a Tukey’s post-hoc test. We accepted a type I alpha error of 5% (p < 0.05).
Significant differences are indicated with asterisks.

Tumor accumulation was too low and kidney and liver uptake too high to be able to
visualize the tumors on SPECT/CT. Only for [111In]In-DTPA-7D12 we could visualize a
faint signal at the A431 tumor region at 4 h post-injection (Figure 8).

7D12 7D12-r9 7D12-pen

Figure 8. A 3D reconstruction of the SPECT/CT images of three mice. Mice were imaged post-mortem
4 h after injection of the tracer. The blue arrow points at the signal detected in the A431 tumor.
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3. Discussion

The goal of this study was to gain a thorough understanding of how different CPPs
affect the interaction of a nanobody with cells and tissues. For this purpose, we conjugated
the well-characterized anti-EGFR nanobody 7D12 to a set of well-established CPPs. We also
addressed the impact of the stereochemistry of two of the CPPs. Importantly, we combined
semiquantitative imaging and quantitative radioactivity-based techniques and went from
simple in vitro monolayer models to in vivo models.

In comparison to the unconjugated nanobody, only 7D12-R9 showed the same overall
intensity in fluorescence microscopy. 7D12-Pen, 7D12-Tat and 7D12-hLF showed lower total
intensity, although visual examination showed high endocytosis of 7D12-Pen and 7D12-Tat.
7D12-R9 showed very good cell association, and 7D12-Pen showed high endocytosis even
with lower membrane staining. These results led to the hypothesis that penetratin induces
rapid internalization while nonaarginine induces more long-lasting membrane interaction.

Notably, the results in the subsequent experiments were consistent with this hypothe-
sis. In binding assays at low concentrations, an excess of unlabeled nanobody blocked the
binding of penetratin conjugates more strongly than that of the nonaarginine conjugates,
but penetratin conjugates had a stronger capacity to internalize. The results of co-incubation
experiments with EGF were along the same line. Higher amounts of R9 remained bound
to the cells, thereby blocking EGF binding more effectively than unconjugated 7D12 and
7D12-Pen (Figure 3). Both nonaarginine and penetratin are cationic CPPs, but the former is
arginine rich while the latter is amphipathic [42]. For tetrameric CPP-conjugated antibodies,
highly cationic CPPs triggered slightly more uptake than amphipathic ones [28], while the
7D12-nonaarginine showed more surface binding, but not more uptake, compared with
the 7D12-penetratin ones.

In spite of the higher internalization and slightly better EGF competition, 7D12-R9
and 7D12-Pen were not better than the unconjugated 7D12 in reducing EGFR activation.
This is in contrast with the results obtained for the 7D12-hLF conjugate [33]. Although
it would have been of added value, reduction of EGFR activation is not a requisite for
the improvement of theranostic compounds, which is the long-term goal of the work
presented here.

The protease resistance of D-peptides can be advantageous for in vivo applications [43].
Therefore, we compared the conjugates of the D- and L-amino acid CPPs. Confocal mi-
croscopy and radioactivity-based assays revealed similar uptake and binding patterns
for D- and L-conjugates, albeit total intensity and retained percentage were lower for the
D-peptide conjugates. Importantly, lower cellular uptake of the D-peptide variants had
been observed before for unconjugated CPPs [40]. This provides evidence that the L- and
D-CPPs differ in their interactions with the cell surface. However, the molecular basis for
these differences is not clear. Further research should elucidate whether these differences
relate to the glycocalyx, the lipid bilayer or cell surface proteins. In spite of the lower
cell interaction, given protease resistance, similar overall behavior for the conjugate and
good 3D penetration, we considered that the D-peptide conjugates were preferable for
experiments in vivo.

By comparing binding and uptake in A431 cells with those on SKOV3 cells, which
express EGFR to different levels, we gained information on the relative contribution
of nanobody-mediated receptor binding and CPP-mediated interactions. On SKOV3
monolayers 7D12-r9 showed clear membrane staining. In contrast, 7D12-pen was almost
only present in vesicular structures, pointing to a much weaker membrane binding. On
A431 monolayers both conjugates were found on the membrane and in vesicles. This
observation, and the comparison to the anti-GFP conjugates, demonstrates that in A431
cell monolayers the membrane interaction is mostly attributable to the nanobody. For
SKOV3 cells, such a clear distinction was not possible, as 7D12-19 showed membrane
staining but 7D12-pen did not. In spheroids, differences were bigger between cell lines,
than between conjugates.
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Altogether, the abovementioned results point towards a more prominent role of the
nanobody-mediated interaction when receptor expression is high, while there is a greater
influence of the CPP at lower receptor expression. Nevertheless, the CPP retains the
capacity to induce endosomal uptake.

In vitro, penetration of the tracers was better in the SKOV3 spheroids than in A431
spheroids, and both conjugates performed better than unconjugated 7D12. In vivo, uptake
was higher in A431 tumors, and unconjugated 7D12 showed the highest accumulation.
This discrepancy might be explained by the overexpression of EGFR in A431 cells. The high
fluorescence intensity at the rims of the A431 spheroids suggests that even if penetration
is incomplete, which we have not investigated in vivo, the presence of high numbers of
receptors at the area that is reached still causes a high overall accumulation. A possible
deeper penetration in SKOV3 tumors does not compensate for the lower amount of receptor,
in terms of tracer accumulation. Relative tracer uptake did not depend on tumor size
(Figures S4 and S5). Smaller tumors did not accumulate more tracer than bigger ones,
which would be expected if bigger tumors showed incomplete tracer penetration or a
necrotic core. Furthermore, liver sequestration of the conjugates points towards dominance
of CPP-driven tissue distribution in the in vivo context.

For both conjugates we observed increased liver and spleen uptake, and a reduction of
kidney uptake. However, contrary to the observations made for an anti-HER2 affibody [44],
the C-terminal His-tag present in unconjugated 7D12 did not lead to liver uptake. Interest-
ingly, the kidney uptake of all three tracers was slightly reduced by an excess unlabeled
nanobody. Labeled and unlabeled nanobody could be competing for active reabsorption at
the proximal tubule, which has been observed by others for 7D12 [45].

Tumor visualization by SPECT/CT was only possible with 7D12 in A431 tumors,
where tracer uptake was close to 10%ID/g. Tumors with lower uptake could not be
visualized with the same settings. Others have been able to visualize tumors with only
5%ID/g nanobody uptake, but the kidney signal in the images presented appears out of
scale [46]. In a clinical setting, this could pose problems in the visualization of lesions that
are close to these organs. Optimization of timepoint and dose and blockade of unspecific
effects by coadministration of positive amino acids or peptides could help reduce kidney
accumulation of the tracer [47]. Nevertheless, high uptake in the liver would remain
problematic due to high background, the possibility that it acts as a sink, and the increase
in radiation exposure of the organ itself.

To our knowledge, this is first stepwise exploration of nanobody-CPP conjugates from
in vitro to in vivo. So far, nanobody-CPP conjugates have been studied as cell biology
tools [48] or as intracellular agents to block EGFR activation [49]. We have confirmed that
nanobody-CPP conjugates can improve cell binding and internalization in vitro, both in 2D
and 3D, and at different concentration ranges. However, in vivo, both tested CPPs showed
a surprising extent of dominance over the functionality of the conjugate, redirecting it to
the liver and counteracting a potential benefit of the CPP on tumor accumulation. Liver
accumulation tends to be high for unconjugated CPPs [36] and no major changes were
achieved by incorporation of targeting ligands [35]. However, a single-chain antibody
conjugated to penetratin and Tat did not show increased liver targeting after 8 or 24 h, and
showed moderately higher tumor retention [50]. This indicates that when the contribution
of the CPP and that of the ligand are in the right balance, CPP conjugates do have the
capacity to improve targeting.

Evidently, the interplay between nanobody, CPP and the cellular environment is an
intricate balance that we are just beginning to understand. Therefore, more systematic com-
parisons of CPP targeting conjugates, as has been done for CPPs in other contexts [51-53],
are needed to get a deeper understanding. The use of well-characterized ligands, like
nanobodies, provides an excellent opportunity to compare more than one conjugate to an
established “model” (e.g., the unconjugated nanobody). Advances like activatable CPPs
could be useful in avoiding off-target accumulation [54-56], but will need to be evaluated
as conjugates in the in vivo setting. In conclusion, CPPs can modify the interactions of tar-
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geting ligands with organs and tissues, while maintaining fast clearance. To exploit the full
potential of CPP conjugates, the bottleneck will be to further define the structure-activity
relationships of targeting agent and CPP that balance ligand- and CPP-driven interactions.

4. Materials and Methods
4.1. Nanobody Expression and Purification

The 7D12 nanobody with a periplasmic localization signal (PelB), an LPETG sortase-
recognition site, an 8xHis and a VSV tag was expressed as described previously [33]. ER2566
bacteria were grown overnight in LB medium with 1% glucose and 100 pug/mL ampicillin.
Then, bacterial cultures were diluted to an OD600 of 0.1 in 2xTY buffer with 5% glycerol
and 50 pg/mL ampicillin and grown to log phase (OD600 = 0.6-0.8). Protein expression
was induced with 0.5 mM isopropyl 3-D-thiogalactoside (IPTG) at 30 °C for 3—4 h. Bacterial
pellets were diluted in 0.2 M TRIS buffer, with 20% sucrose, EDTA and protease inhibitor
(Roche), pH 8 and the periplasmic fraction was collected upon centrifugation. The pellet
was incubated once more in the same buffer, with additional MgSQy, to chelate the EDTA
(which could interfere with the subsequent IMAC purification). IMAC purification using
NiNTA-sepharose was performed as described before [33]. Imidazole used for elution
was removed by overnight dialysis in a 3.5 kDa membrane against 50 mM Tris/HCl
pH 7.5, and 150 mM NaCl, or it was removed together with TCEP using a 10 kDa MWCO
centrifugal unit (Amicon, Millipore, Darmstadt, Germany), after reduction of the cysteines
for subsequent maleimide-dye coupling.

The control anti-GFP nanobody (sequence kindly provided by Prof. Dr. Heinrich Leon-
hardt, LMU Miinchen) was cloned into the same expression vector as 7D12 (periplasmic
expression), and into the pQiq cytoplasmic vector. For the periplasmic expression vector,
the same procedure was used as described above. For the cytoplasmic vector, expression
and purification were performed as for Sortase A (see below). Both protocols yielded
functional nanobody:.

4.2. WT Sortase A Expression

Glycerol stocks of transformed ER2566 bacteria were obtained as explained previ-
ously [34] and grown overnight as described above. The overnight culture was diluted to
an OD600 of 0.1 in 2xTY supplemented with 50 ug/mL ampicillin and incubated at 37 °C
at 150 rpm. At OD600 > 0.6, the protein expression was induced with 0.5 mM IPTG at
30 °C for 3 h. Cells were harvested by centrifugation at 3500 rpm for 20 min at 4 °C. The
cell pellet was then resuspended in 50 mM Tris-HCL, pH 7.5 and 150 mM NaCl and lysed
by sonication at 4 °C. The sonicated lysate was centrifuged at 6000 rpm for 15 min at 4 °C.
Sortase A contained a His-tag and was purified from the supernatant via IMAC, following
the same protocol as for the nanobodies.

4.3. Dye and Chelator Coupling to the Nanobody

7D12-C-LPETG-Hisx8-VSV was incubated with 20 mM TCEP for 20 min at room
temperature. Excess TCEP was removed by exchanging the buffer with reaction buffer
(20 mM phosphate buffer, 150 mM NaCl, 5 mM EDTA and pH 7.5) using a 10 kDa
MWCO centrifugal unit (Amicon, Millipore, Darmstadt, Germany). After this step, pro-
tein concentration was measured again and maleimide Atto-532 (Sigma-Aldrich, Darm-
stadt, Germany) or maleimide-DTPA (Chematech, Dijon, France) was added to the solu-
tion at a protein:dye/chelator molar ratio of 1:3. This mixture was incubated for 2 h at
room temperature.

The Atto532 conjugates were dialyzed overnight against a 50 mM TRIS buffer with
150 mM NaCl, pH 7.4. The DTPA conjugates were dialyzed for five days against PBS
with Chelex-100 resin (Bio-Rad, Hercules, CA, USA), changing the PBS every day. After
dialysis, the concentration of conjugates was measured with a Nanodrop device. For
determination of protein concentrations, absorbance of the dye at 280 was corrected for
and the concentrations of both protein and dye were calculated based on their absorbances
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and extinction coefficients. Extinction coefficients at 280 nm: 7D12: 35,535, 7D12-R9 and
7D12-19: 34,045, 7D12-Pen and 7D12-pen: 45,045, 7D12-hLF: 39,670 and 7D12-Tat: 34,045
and at 532 nm: Atto-532: 115,000 M-1 cm ™!,

4.4. Coupling of CPPs to Nanobodies Via Sortase A Transpeptidation

GGG-CPPs (R9, Penetratin, Tat, hLF, r9 and D-penetratin) where GGG stands for
an N-terminal triglycyl moiety were purchased from EMC microcollections (Tiibingen,
Germany). Sequences can be found in Table S1. Lower case abbreviations refer to peptides
containing D-amino acids. Purified precipitates of the peptides were reconstituted in
Milli-Q at a concentration of 3 mM and stored at —20 °C.

Sortase A-mediated reactions to couple CPPs to 7D12 were performed in a maximum
volume of 2 mL, with reagents at the following concentrations: 20 uM 7D12, 50 uM Sortase
A and 500 uM GGG-CPP in 50 mM TRIS buffer with 150 mM NaCl and 20 mM CaCl2,
pH 7.4. The mixture was incubated at 37 °C for 3 h with constant agitation at 450 rpm.
Cleaved G-His8x-VSV fragments, Sortase A and unreacted nanobody were removed by
reverse IMAC, as all the unwanted products contained a His-tag, while the coupled
nanobodies lost it by cleavage at the LPETG Sortase A-specific site.

After reverse IMAC, unreacted GGG-CPP and calcium ions were removed by dialysis
or filtration through a 10 kDa MWCO centrifugal unit, against a HEPES-buffered saline
(25 mM HEPES, 0.75 mM Na2HPO4, 70 mM NaCl and pH 7). The concentration of the final
products was measured as described. Conjugates were snap-frozen and stored at —80 °C.

The same procedure was performed for the anti-GFP control nanobody, with two
modifications: The pl of this nanobody is predicted to be 7.09. To avoid precipitation of the
nanobody, buffers were set at pH 6.5. To compensate for a lower activity of Sortase A at
this lower pH, the reaction mix was incubated overnight instead of for 3 h.

4.5. Mass Spectrometry

The CPP conjugates were analyzed by UPLC-MS. UPLC-MS was performed on a
XEVO QTOF G2 Mass Spectrometer (Waters, Herts, United Kingdom), with an Acquity H-
class solvent manager, FTN-sample manager and TUV-detector. The system was equipped
with a reversed phase C18-column (Waters, acquity PST 130 A, 1.7 um 2.1 mm X 50 mm
i.d.), column temperature 40 °C. Mobile phases consisted of 0.1 v/v% formic acid in H,O
(buffer A) and 0.09 v/v% formic acid in 10 v/v% H,O in CH3CN (buffer B). FTN-purge
solvent was 5 v/v% CH3CN in H,O. Absorption was measured at 220 nm. For the Atto532-
conjugated compounds, a linear gradient of 20-80% buffer B in buffer A over 10 min was
used. The DTPA-conjugates were analyzed with a linear gradient of 10-55% buffer B in
buffer A over 15 min. Mass was measured in positive sensitivity mode; for a mass range
between 400 and 1600 Da or 800 and 1600 Da for DTPA- or Atto532-conjugated nanobodies,
respectively. Mass Spectra were deconvoluted using the MaxEnt3 software (Waters), and
plotted in R.

4.6. Cell Culture

All media were supplemented with 10% fetal calf serum (PAN Biotech, Aidenbach,
Germany) and glutamax (Thermofisher Scientific, Waltham, MA, USA). All cell lines were
incubated at 37 °C in 5% CO; in a humidified atmosphere.

A431 cells were maintained in DMEM (Thermofisher Scientific) supplemented as
indicated. For microscopy experiments, cells were seeded at a density of 30,000 cells
per well a day before the experiment, or 15,000 cells per well two days before, in 8-well
microscopy slides (Ibidi, Gréfelfing, Germany). For binding and internalization assays
with radioactive compounds, A431 cells were seeded in 6-well plates at a density of
300,000 cells/well, 2 days before the experiment.

HEK293T cells (ATCC) were maintained in DMEM, supplemented as indicated. For
microscopy experiments, HEK293T cells were seeded at a density of 60,000 cells per well one
day before the experiment, or 30,000 cells two days before. For binding and internalization
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assays with radioactive compounds, HEK293T cells were seeded in 6-well plates at a density
of 300,000 cells/well, 2 days before the experiment.

SKOV3 cells were maintained in DMEM (Thermofisher Scientific) supplemented
as indicated. For microscopy experiments, SKOV3 cells were seeded at a density of
40,000 cells/well one day before the experiment, or 20,000 cells/well two days before in
8-well microscopy slides (Ibidi).

4.7. Uptake Experiments in Life Cells (Confocal Microscopy)

A431 cells were incubated for 1 h with 2 uM 7D12 and 7D12-CPP Atto532-labeled
constructs, unless indicated otherwise. For the lysotracker experiments, cells were incu-
bated with lysotracker Deep Red (Thermofisher Scientific) for 30 min at a concentration
of 75 nM. All incubations were performed in phenol red-free DMEM, supplemented with
10% FCS and glutamax, and at 37 °C. After incubation cells were washed once and fresh
phenol red-free medium with 20 mM HEPES was added to the wells. Cells were im-
aged with a laser scanning confocal microscope (LSCM) (SP5 or SP8, Leica Microsystems,
Mannheim, Germany) on a temperature-controlled stage at 37 °C. We used an HCX PL
APO 63 x 1.2 water immersion lens. On the SP5 system, the argon ion laser line at 514 nm
was used for excitation, and emission was collected between 540 nm and 600 nm. For the
SP8 system, a white light laser was used at 532 nm and emission was collected over the
same range.

4.8. Detection of EGF Binding

For coincubation experiments with EGF, A431 cells were incubated in DMEM with
2 uM nanobody, conjugate or none (control) for 30 min at 4 °C, and then 16.5 nM EGEF-
biotin (Thermofisher Scientific) was added to the same media and incubated for another
30 min at 4 °C. Subsequently, cells were incubated with 2 pug/mL streptavidin-Alexa568
(Thermofisher Scientific) at 4 °C and for 30 min.

For the sequential incubation experiments, A431 cells were incubated first with 2 uM
nanobody, conjugate or none for 30 min at 4 °C. Subsequently, media were removed
and medium with 16.5 nM EGF-biotin was added and incubated for 30 min at 4 °C.
Finally, medium was changed again to incubate cells with 2 pg/mL streptavidin-Alexa568
(Thermofisher Scientific) at 4 °C for 30 min. Cells were washed 1x with PBS and fixed
with a chilled solution of 2% paraformaldehyde (PFA) for 10 min. After fixation, fresh
PBS was added to the cells and LSCM imaging was performed. We used an HCX PL APO
63 x 1.2 water immersion lens, the nanobody was detected using the same parameters as
stated above and EGF was imaged using a DPSS laser of 561 nm with detection of emission
between 580 and 620 nm.

4.9. pTyr1068 Staining

Cells were incubated with 2 uM nanobody, conjugate or none in DMEM with 0.5%
FCS for 1 h at 37 °C, then stimulated with 16.5 nM EGF-biotin (Thermofisher Scientific)
for 10 min at 37 °C, washed 1x with PBS and fixed with 2% PFA at room temperature for
10 min. After fixation, cells were washed 1x and incubated for 20 min at RT with a 100 nM
glycine solution in PBS to quench the free aldehyde groups of the PFA. After one wash
with PBS, cells were permeabilized with 0.1% Triton X-100 (Sigma) in PBS for 20 min at RT.

Blocking was done for 20 min at RT with 3% BSA in PBS, and antibodies were diluted
in the same buffer. Mouse anti-pTyr1068 primary antibody (clone D7A5, Cell Signaling
Technology) was diluted 1:800 and incubated for 1 h at RT. Alexa647-conjugated anti-mouse
secondary antibody (Life Technologies) was diluted 1:500 and incubated for 1 h. Cells were
washed 1 x with blocking buffer between the two incubations and after incubation with
the secondary antibody. After the washing steps, PBS was added and LSCM imaging was
performed. We used an HCX PL APO 63 x 1.2 water immersion lens. pTyr was imaged
using an HeNe laser of 633 nm with detection of emission between 640 and 690 nm.
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4.10. Spheroid Culture, Incubation and Optical Clearing

Spheroids were obtained using the hanging drop method. SKOV3 and A431 cells
were diluted in DMEM media with 2% v/v methylcellulose. On top of the lid of a petri
dish, 30 pL drops (containing 15,000 cells per drop) were pipetted. The lid was flipped and
placed on top of the dish bottom, which contained a small volume of PBS to prevent the
spheroids from drying out. The dish with the hanging drops was incubated at 37 °C, 5%
COs in a tissue culture incubator.

Incubation with 7D12 and conjugates (0.5 uM for 1 h) was performed in the drops
once the spheroids had reached a sufficient size (typically after 3 days). The lid was flipped
over and solutions containing the conjugate were carefully pipetted into the drop (pipetted
volume did not exceed 10 pL). The lid was flipped again and placed over the bottom
with PBS to incubate as usual at 37 °C. After incubation, spheroids were harvested into
microcentrifuge tubes with PBS, by carefully sucking up the drops with a 1 mL pipette tip.
The spheroids sunk to the bottom, PBS was removed and PBS with 4% PFA was added. The
spheroids were kept in this solution, in slight agitation, for at least 40 min at RT. Once fixed,
two to six spheroids of the same experimental condition were embedded in one collagen
drop. Each collagen drop was placed in a well of an Ibidi 8-well microscopy slide, and the
slide was kept for 40 min at 37 °C to allow collagen polymerization. Collagen embedding
prevents movement of the spheroids during imaging.

Clearing of the collagen-embedded spheroids was done by incubating them in serial
dilutions of fructose in Milli-Q with 0.5% v/v thioglycerol (which prevents the fructose
solution from turning brown). This is an adaptation of the SeedB protocol [57]. Incubation
was done for at least 3 h in 28.75% fructose, 5 h in 57.5% fructose and overnight in 115%
fructose. Spheroids were imaged in the collagen drops immersed in the 115% fructose
solution by LSCM. We used a 20x lens, and the same laser settings as for the 2D imaging
of the Atto532-labeled nanobodies.

4.11. Radiolabeling of the 7D12 Conjugates and Quality Control

7D12-DTPA, 7D12-DTPA-Pen, 7D12-DTPA-R9 and the D-peptide conjugates were
incubated with [111In]InCl3 (Curium, Petten, The Netherlands) and twice the volume of
metal free 0.5 M 2-(N-morpholino)ethanesulfonic (MES) buffer, pH 5.5 for 30 min at room
temperature. Labelling efficiency and radiochemical purity were determined by instant
thin-layer chromatography (iTLC) on a silica gel chromatography strip (Biodex, Shirley, NY,
USA), using 0.1 M citrate buffer pH 6.0 as the mobile phase. For in vitro studies, labelling
was performed at 0.25 MBq/ pg; for in vivo studies, labelling was performed at 2 MBq/ g
for the SPECT injections (10 MBq per mouse) and at 0.2 MBq/ug for the mice, which were
only used for ex vivo biodistribution (1 MBq per mouse).

Binding and internalization assays of radiolabeled conjugates:

A431 or HEK293T cells were seeded on 6-well plates one or two days before the exper-
iment and were used once they were confluent. Conjugates were radiolabeled following
the procedure described above. Cells were incubated with 300 Bq of the conjugates in 1 mL
of 0.5% BSA in RPMI (binding buffer) for 1 h at 37 °C. EGFR specificity of binding was
assessed by coincubation with 50 ug unlabeled 7D12 per well. After incubation, cells were
washed twice with PBS, and the receptor-bound conjugates were retrieved by incubation
with ice-cold 0.1 M acetic acid, 154 mM NaCl and pH 2.6 for 10 min on ice. After washing
twice with PBS, cells containing the internalized conjugates were collected with 1 mL
0.1 M NaOH. Activity in both fractions was determined in a y-counter (2480 Wizard 3”,
LKB/Wallace, Perkin-Elmer, Waltham, MA, USA). Specific binding and internalization
were calculated as a percentage of the total activity added, using solution standards.

4.12. Animals

Animal experiments complied with the Dutch and European regulations on animal
experimentation and were performed after approval of the Animal Ethical Committee of
the Radboud University Nijmegen (project number: RU-DEC-2015-0071). Female BALB/c
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nude mice, 6-8 weeks old, weighing approximately 20 g, were ordered from Charles River
Laboratories (Larbresle, France) and were housed at the local animal facility in groups of 6,
in IVC blueline cages enriched with bedding material and one polycarbonate shelter per
cage. After 1 week of acclimatization, experiments were started. After tracer injection, some
mice were housed individually overnight to avoid fighting or cross-contamination through
radioactive material excreted in bodily fluids. Otherwise, solitary caging was avoided.

4.13. In Vivo Biodistribution and SPECT Imaging

Mice were injected subcutaneously on the right flank with 0.2 mL of SKOV3 cell
suspension containing 25,000,000 cells/mL (5,000,000 cells/mouse), and one week later on
the left flank with 0.2 mL of a cell suspension containing A431 cells, 2,000,000 cells/mouse.
When the tumors were clearly visible, mice were randomly divided into groups and the
experiment was performed.

All mice were intravenously injected with 5 ug of the corresponding radiolabeled 7D12
variant in PBS/0.5% BSA ([111In]In-DTPA-7D12 (n= 10), [111In]In-DTPA-7D12-19 (n = 10)
or ['"In]InDTPA-7D12-pen (1 = 10)). Four mice per group (2 per timepoint) received
10 MBq to perform SPECT imaging. The other 6 mice in each group (3 per timepoint)
received 1 MBgq. For the blocking groups, a 160-180-fold excess of unlabeled 7D12 was
co-injected. Mice were euthanized by CO,/O; suffocation 4 h and 24 h after injection.
SPECT/CT (U-SPECT-II, MiLabs, Utrecht, The Netherlands) was performed immediately
after euthanasia. The image was acquired using a 1 mm diameter pinhole ultra-high
sensitivity mouse collimator.

Blood, tumors and relevant tissues (muscle, heart, lung, spleen, pancreas, kidney, liver,
stomach, duodenum and colon) of all animals were dissected, weighed and measured in a
y-counter (2480 Wizard 3”7, LKB/Wallace, Perkin-Elmer). The percentage injected dose per
gram tissue (% ID/g) was determined based on the cpm measured for diluted injection
mixtures (standards).

4.14. Data Analysis and Statistics

Microscopy images were processed with Fiji (Image]). For the 2D images we obtained
the mean fluorescence intensity of the area covered by cells. First, a region-of-interest was
created that only contained the cells. Then, an automatic threshold was applied, and a
binary image was created. The total pixel intensity in the ROI was obtained and divided by
the total number of positive pixels in the binary image. This was done in a semiautomated
manner by using a python macro.

SPECT/CT images were reconstructed using the U-SPECT-Rec software provided by
MiLabs, using an 0.4 mm voxel size, 3 iterations and 16 subsets, and visualized in Inveon Re-
search Workplace software (version 3.0; Siemens Preclinical Solutions, Miinchen, Germany).

Files containing the results of microscopy image processing or gamma counting of the
plate assays were processed in Excel, and graphs and statistical analyses were generated
in GraphPad PRISM (San Diego, CA, USA). csv files containing biodistribution results
were analyzed and plotted using R. The following packages were used: tidyverse, readxl
and patchwork.

For the biodistribution results, organs with a weight lower than the minimal weight
of the balance (0.014 g) were excluded. Outliers that could not be explained by known
technical errors were kept in both the graphs and the statistical analyses. For the statistical
analyses, values were log transformed and the difference in tumor uptake between the four
compounds was evaluated separately for each timepoint and tumor type, with a one-way
ANOVA and a Tukey’s post-hoc test. We accepted a type I alpha error of 5%. The number
of animals per group was selected assuming an SD of 10% of the mean, to reach a statistical
power of 80%.
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5. Conclusions

Conjugation to cell-penetrating peptides endows targeting ligands with novel func-
tional characteristics such as induction of cellular uptake and penetration into 3D tissues.
The balance of activities depends on multiple factors among which the nature of the CPP
and the level of receptor expression. The differences between CPPs are retained when going
from simple monolayer cultures to more complex 3D cell cultures and in vivo models, but
at the same time other functional characteristics relating to the higher level of complexity
are added. Focusing future research on the factors that balance ligand- and CPP-driven
interactions in complex settings, especially in vivo, will help exploit the full potential of
CPP-conjugates of small ligands for targeted delivery.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ph14070602/s1, Figure S1. (A) m/z spectra of 7D12-Atto532 and CPP conjugates and
7D12-DTPA and CPP conjugates. (B) Deconvoluted masses of 7D12-Atto532 and CPP conjugates
and 7D12-DTPA and CPP conjugates. Figure S2. (A-D) Confocal microscopy images of live A431
cells incubated with 2 uM 7D12-Att0532-R9 (A), 7D12-Atto532-19 (B), 7D12-Atto532-pen (C), 7D12-
Atto532-Pen (D). (E) Quantification of conjugate binding in a sequential incubation experiment as
described for Figure 3. (F) Quantification of EGF binding in a sequential incubation experiment
as described for Figure 3. Mean intensity in arbitrary units. Each dot corresponds to one field of
view and error bars indicate SD. Two fields of view were quantified for each of two independent
experiments. Figure S3. (A) Confocal microscopy images of live SKOV3 cells incubated with 0.5 M
7D12-Atto532, 7D12-Atto532-19, 7D12-Atto532-pen and control anti-GFP nanobody and its conjugate,
anti-GFP-r9. (B) Confocal microscopy images of live A431 cells incubated with 0.5 uM 7D12-Atto532,
7D12-Att0532-19, 7D12-Atto532-pen and control anti-GFP nanobody and its conjugate, anti-GFP-
r9. Mean intensity in arbitrary units. Each dot corresponds to one field of view and error bars
indicate SD. Two fields of view were quantified for each of two independent experiments. Figure S4.
Correlation between tumor weight and absolute tracer uptake (not corrected for tissue weight).
Figure S5. Correlation between tumor weight and relative tracer uptake. Table S1. Names and
abbreviations and sequences of the CPPs used. All peptides were C-terminally amidated (-NHy).
Table S2. Theoretical and found masses of the various conjugates as measured with ESI-ToF mass
spectrometry. Table S3. Biodistribution results (%ID/g) 4 h after injection. Table S4. Biodistribution
results (%ID/g) 24 h after injection.

Author Contributions: Conceptualization, R.B. and M.G.; methodology, E.C.C.,S.AM.v.L.,, C.E, 1D,
investigation, E.C.C., S, AM.v.L, CE, J.L,, LD.; writing—original draft preparation, E.C.C.; writing—
review and editing, S.AM.v.L.,, M.G., R.B.; supervision, R.B. and M.G.; funding acquisition, R.B., M.G.
and S.A.M.v.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a Radboudumc internal grant awarded to M.G. and R.B.
(RIMLS JO 2016), and by EFRO Proeftuin Nanomedicine, Operationeel programma Oost-Nederland
(PROJ-00722), awarded to M.G., R.B. and S.A.M.v.L.

Institutional Review Board Statement: The animal study was conducted according to the Dutch
Law of Animal Research (Wet op Dierproeven) and approved by the Institutional Review Board of the
Radboud University Nijmegen (protocol code RU-DEC-2015-0071 and date of approval 10/12/2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data of the SPECT-CT scans and microscopy images and R code
used for data processing are archived at Radboudumc and available on request.

Acknowledgments: The authors want to thank Peter van Galen for the training and support during
the Mass Spectrometry measurements of the first samples. We Thank Bianca Lemmers-van de Weem,
Kitty Lemmens and Karin de Haas-Cremers from the Central Animal Facility of the Radboudumc
Nijmegen for their technical assistance with the animal experiments.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ph14070602/s1
https://www.mdpi.com/article/10.3390/ph14070602/s1

Pharmaceuticals 2021, 14, 602 20 of 22

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Desmyter, A.; Transue, T.R.; Ghahroudi, M.A.; Thi, M.H.D.; Poortmans, FE; Hamers, R.; Muyldermans, S.; Wyns, L. Crystal
structure of a camel single-domain V(H) antibody fragment in complex with lysozyme. Nat. Struct. Biol. 1996, 3, 803-811.
[CrossRef] [PubMed]

Joveevska, I.; Muyldermans, S. The Therapeutic Potential of Nanobodies. BioDrugs 2020, 34, 11-26. [CrossRef] [PubMed]

De Genst, E,; Silence, K.; Decanniere, K.; Conrath, K.; Loris, R.; Kinne, J.; Muyldermans, S.; Wyns, L. Molecular basis for the
preferential cleft recognition by dromedary heavy-chain antibodies. Proc. Natl. Acad. Sci. USA 2006, 103, 4586—4591. [CrossRef]
[PubMed]

Hernandez, I1.B.; Rompen, R.; Rossin, R.; Xenaki, K.T.; Katrukha, E.A.; Nicolay, K.; Henegouwen, P.v.B.E.; Griill, H.; Oliveira, S.
Imaging of Tumor Spheroids, Dual-Isotope SPECT, and Autoradiographic Analysis to Assess the Tumor Uptake and Distribution
of Different Nanobodies. Mol. Imaging Biol. 2019, 21, 1079-1088. [CrossRef] [PubMed]

Debie, P.; Lafont, C.; Defrise, M.; Hansen, I.; van Willigen, D.M.; van Leeuwen, EW.B.; Gijsbers, R.; D"Huyvetter, M.; Devoogdt,
N.; Lahoutte, T.; et al. Size and affinity kinetics of nanobodies influence targeting and penetration of solid tumours. J. Control.
Release 2020, 317, 34-42. [CrossRef]

Debie, P.; Devoogdt, N.; Hernot, S. Targeted Nanobody-Based Molecular Tracers for Nuclear Imaging and Image-Guided Surgery.
Antibodies 2019, 8, 12. [CrossRef] [PubMed]

Olive, L.; Gainkam, T.; Huang, L.; Caveliers, V.; Keyaerts, M.; Hernot, S.; Vaneycken, I.; Vanhove, C.; Revets, H.; De Baetselier,
P,; et al. Comparison of the Biodistribution and Tumor Targeting of Two 99m T abeled Anti-EGFR Nanobodies in Mice, Using
Pinhole SPECT /Micro-CT. J. Nucl. Med. 2008, 49, 788-795. [CrossRef]

Oliveira, S.; Van Dongen, G.A.M.S.; Stigter-Van Walsum, M.; Roovers, R.C.; Stam, ].C.; Mali, W.; Van Diest, PJ.; Henegouwen,
PM.P.v.B.E. Rapid visualization of human tumor xenografts through optical imaging with a near-infrared fluorescent anti-
epidermal growth factor receptor nanobody. Mol. Imaging 2012, 11, 33-46. [CrossRef] [PubMed]

Rudnick, S.I; Lou, J.; Shaller, C.C.; Tang, Y.; Klein-Szanto, A.J.P.; Weiner, L.M.; Marks, ].D.; Adams, G.P. Influence of affinity and
antigen internalization on the uptake and penetration of anti-HER2 Antibodies in Solid Tumors. Cancer Res. 2011, 71, 2250-2259.
[CrossRef] [PubMed]

van Scheltinga, A.G.T.; Lub-de Hooge, M.N.; Abiraj, K.; Schrodér, C.P,; Pot, L.; Bossenmaier, B.; Thomas, M.; Holzlwimmer,
G.; Friess, T.; Kosterink, J.G.; et al. ImmunoPET and biodistribution with human epidermal growth factor receptor 3 targeting
antibody89Zr-RG7116. MAbs 2014, 6, 1051-1058. [CrossRef]

Stillebroer, A.B.; Franssen, G.M.; Mulders, PEA.; Oyen, W.J.G.; Van Dongen, G.A.M.S.; Laverman, P.; Oosterwijk, E.; Boerman,
O.C. ImmunoPET imaging of renal cell carcinoma with 124I- and 89Zr-Labeled Anti-CAIX monoclonal antibody c¢G250 in mice.
Cancer Biother. Radiopharm. 2013, 28, 510-515. [CrossRef]

Roovers, R.C.; Laeremans, T.; Huang, L.; De Taeye, S.; Verkleij, A.].; Revets, H.; De Haard, H.J.; Henegouwen, PM.P.v.B.E. Efficient
inhibition of EGFR signalling and of tumour growth by antagonistic anti-EGFR Nanobodies. Cancer Immunol. Immunother. 2007,
56,303-317. [CrossRef]

Roovers, R.C.; Vosjan, M.J.W.D.; Laeremans, T.; El Khoulati, R.; De Bruin, R.C.G.; Ferguson, K.M.; Verkleij, A.]J.; Van Dongen,
G.AM.S,; Van Bergen En Henegouwen, PM.P. A biparatopic anti-EGFR nanobody efficiently inhibits solid tumour growth. Int. J.
Cancer 2011, 129, 2013-2024. [CrossRef]

Van Roy, M.; Ververken, C.; Beirnaert, E.; Hoefman, S.; Kolkman, J.; Vierboom, M.; Breedveld, E.; 't Hart, B.; Poelmans, S.;
Bontinck, L.; et al. The preclinical pharmacology of the high affinity anti-TL-6R Nanobody® ALX-0061 supports its clinical
development in rheumatoid arthritis. Arthritis Res. Ther. 2015, 17, 135. [CrossRef]

Wu, T.; Huang, H.; Sheng, Y.; Shi, H.; Min, Y;; Liu, Y. Transglutaminase mediated PEGylation of nanobodies for targeted nano-drug
delivery. J. Mater. Chem. B 2018, 6, 1011-1017. [CrossRef]

Rashidian, M.; LaFleur, M.W.; Verschoor, V.L.; Dongre, A.; Zhang, Y.; Nguyen, T.H.; Kolifrath, S.; Aref, AR.; Lau, C.J.; Paweletz,
C.P; et al. Immuno-PET identifies the myeloid compartment as a key contributor to the outcome of the antitumor response under
PD-1 blockade. Proc. Natl. Acad. Sci. USA 2019, 116, 16971-16980. [CrossRef]

Bruce, V.J.; Lopez-Islas, M.; McNaughton, B.R. Resurfaced cell-penetrating nanobodies: A potentially general scaffold for
intracellularly targeted protein discovery. Protein Sci. 2016, 25, 1129-1137. [CrossRef]

Pardridge, W.M.; Kang, Y.-S.; Yang, ].; Buciak, J.L. Enhanced cellular uptake and in vivo biodistribution of a monoclonal antibody
following cationization. J. Pharm. Sci. 1995, 84, 943-948. [CrossRef]

Zhang, Z.; Qian, H.; Huang, J.; Sha, H.; Zhang, H.; Yu, L.; Liu, B.; Hua, D.; Qian, X. Anti-EGFR-iRGD recombinant protein
modified biomimetic nanoparticles loaded with gambogic acid to enhance targeting and antitumor ability in colorectal cancer
treatment. Int. |. Nanomed. 2018, 13, 4961. [CrossRef]

Jin, P; Sha, R.; Zhang, Y.; Liu, L.; Bian, Y; Qian, J.; Qian, J.; Lin, J.; Ishimwe, N.; Hu, Y,; et al. Blood Circulation-Prolonging
Peptides for Engineered Nanoparticles Identified via Phage Display. Nano Lett. 2019, 19, 1467-1478. [CrossRef]

Ji, E; Sha, H.; Meng, F.; Zhu, A.; Ding, N.; Zhang, H.; Xu, H.; Qian, H.; Yu, L,; Liu, Q.; et al. Tumor-penetrating recombinant
protein anti-EGFR-iIRGD enhance the extravasation and tumor penetration of lymphocytes in gastric cancer. J. Immunother. Cancer
2017, 40, 1583-1591. [CrossRef]

Lingasamy, P.; Laarmann, A.-H.; Teesalu, T. Tumor Penetrating Peptide-Functionalized Tenascin-C Antibody for Glioblastoma
Targeting. Curr. Cancer Drug Targets 2020, 21, 70-79. [CrossRef] [PubMed]


http://doi.org/10.1038/nsb0996-803
http://www.ncbi.nlm.nih.gov/pubmed/8784355
http://doi.org/10.1007/s40259-019-00392-z
http://www.ncbi.nlm.nih.gov/pubmed/31686399
http://doi.org/10.1073/pnas.0505379103
http://www.ncbi.nlm.nih.gov/pubmed/16537393
http://doi.org/10.1007/s11307-019-01320-x
http://www.ncbi.nlm.nih.gov/pubmed/30859470
http://doi.org/10.1016/j.jconrel.2019.11.014
http://doi.org/10.3390/antib8010012
http://www.ncbi.nlm.nih.gov/pubmed/31544818
http://doi.org/10.2967/jnumed.107.048538
http://doi.org/10.2310/7290.2011.00025
http://www.ncbi.nlm.nih.gov/pubmed/22418026
http://doi.org/10.1158/0008-5472.CAN-10-2277
http://www.ncbi.nlm.nih.gov/pubmed/21406401
http://doi.org/10.4161/mabs.29097
http://doi.org/10.1089/cbr.2013.1487
http://doi.org/10.1007/s00262-006-0180-4
http://doi.org/10.1002/ijc.26145
http://doi.org/10.1186/s13075-015-0651-0
http://doi.org/10.1039/C7TB03132G
http://doi.org/10.1073/pnas.1905005116
http://doi.org/10.1002/pro.2926
http://doi.org/10.1002/jps.2600840808
http://doi.org/10.2147/IJN.S170148
http://doi.org/10.1021/acs.nanolett.8b04007
http://doi.org/10.3892/or.2018.6532
http://doi.org/10.2174/1568009620666201001112749
http://www.ncbi.nlm.nih.gov/pubmed/33001014

Pharmaceuticals 2021, 14, 602 21 of 22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Pang, H.B.; Braun, G.B.; Ruoslahti, E. Neuropilin-1 and heparan sulfate proteoglycans cooperate in cellular uptake of nanoparticles
functionalized by cationic cell-penetrating peptides. Sci. Adv. 2015, 1, e1500821. [CrossRef] [PubMed]

Derossi, D.; Joliot, A.H.; Chassaing, G.; Prochiantz, A. The third helix of the Antennapedia homeodomain translocates through
biological membranes. J. Biol. Chern. 1994, 269, 10444-10450. [CrossRef]

Vives, E.; Brodin, P,; Lebleu, B. A truncated HIV-1 Tat protein basic domain rapidly translocates through the plasma membrane
and accumulates in the cell nucleus. J. Biol. Chem. 1997, 272, 16010-16017. [CrossRef]

Derossi, D. Antennapedia homeodomain third helix as a peptide and oligonucleotide vector. Restor. Neurol. Neurosci. 1995, 8,
17-18. [CrossRef]

Gurney, L.R.I; Taggart, ].].; Tong, W.-C.; Jones, A.T.; Robson, S.C.; Taggart, M.]. Inhibition of Inflammatory Changes in Human
Myometrial Cells by Cell Penetrating Peptide and Small Molecule Inhibitors of NF«B. Front. Immunol 2018, 9, 2966. [CrossRef]
Sauter, M.; Strieker, M.; Kleist, C.; Wischnjow, A.; Daniel, V.; Altmann, A.; Haberkorn, U.; Mier, W. Improving antibody-based
therapies by chemical engineering of antibodies with multimeric cell-penetrating peptides for elevated intracellular delivery. J.
Control. Release 2020, 322, 200-208. [CrossRef]

Knight, ].C.; Topping, C.; Mosley, M.; Kersemans, V.; Falzone, N.; Fernandez-Varea, ].M.; Cornelissen, B. PET imaging of DNA
damage using 89Zr-labelled anti-yH2AX-TAT immunoconjugates. Eur. |. Nucl. Med. Mol. Imaging 2015, 42, 1707-1717. [CrossRef]
Van Oppen, LM.PE; Pille, J.; Stuut, C.; van Stevendaal, M.; van der Vorm, L.; Smeitink, ]. A.M.; Koopman, W.J.H.; Willenms,
W.J.H.; van Hest, ].C.M.; Brock, R. Octa-arginine boosts the penetration of elastin-like polypeptide nanoparticles in 3D cancer
models. Eur. |. Pharm. Biopharm. 2019, 13, 175-184. [CrossRef]

Gessner, I.; Neundorf, I. Nanoparticles modified with cell-penetrating peptides: Conjugation mechanisms, physicochemical
properties, and application in cancer diagnosis and therapy. Int. ]. Mol. Sci. 2020, 21, 2536. [CrossRef]

Duchardt, F.; Ruttekolk, I.R.; Verdurmen, W.P.R.; Lortat-Jacob, H.; Biirck, J.; Hufnagel, H.; Fischer, R.; van den Heuvel, M.; Lowik,
D.W.P; Vuister, G.W,; et al. A cell-penetrating peptide derived from human lactoferrin with conformation-dependent uptake
efficiency. J. Biol. Chem. 2009, 284, 36099-36108. [CrossRef]

van Lith, S.A.M.; van den Brand, D.; Wallbrecher, R.; van Duijnhoven, S.M.].; Brock, R.; Leenders, WP]. A Conjugate of an
Anti-Epidermal Growth Factor Receptor (EGFR) VHH and a Cell-Penetrating Peptide Drives Receptor Internalization and Blocks
EGFR Activation. ChemBioChem 2017, 18, 2390-2394. [CrossRef]

van den Brand, D.; Veelken, C.; Massuger, L.; Brock, R. Penetration in 3D tumor spheroids and explants: Adding a further
dimension to the structure-activity relationship of cell-penetrating peptides. Biochim. Biophys. Acta Biomembr. 2018, 1860,
1342-1349. [CrossRef]

Collado Camps, E.; Brock, R. An opportunistic route to success: Towards a change of paradigm to fully exploit the potential of
cell-penetrating peptides. Bioorganic Med. Chem. 2018, 26, 2780-2787. [CrossRef]

Sarko, D.; Beijer, B.; Boy, R.G.; Nothelfer, E.M.; Leotta, K.; Eisenhut, M.; Altmann, A.; Haberkorn, U.; Mier, W. The pharmacokinet-
ics of cell-penetrating peptides. Mol. Pharm. 2010, 7, 2224-2231. [CrossRef]

Duchardyt, E; Fotin-Mleczek, M.; Schwarz, H.; Fischer, R.; Brock, R. A Comprehensive Model for the Cellular Uptake of Cationic
Cell-penetrating Peptides. Traffic 2007, 8, 848-866. [CrossRef]

Schmitz, K.R.; Bagchi, A.; Roovers, R.C.; Henegouwen, PM.P.v.B.E.; Ferguson, K.M. Structural evaluation of EGFR inhibition
mechanisms for nanobodies/VHH domains. Structure 2013, 21, 1214-1224. [CrossRef]

DeWitt, A; lida, T.; Lam, H.-Y,; Hill, V.; Wiley, H.S.; Lauffenburger, D.A. Affinity Regulates Spatial Range of EGF Receptor
Autocrine Ligand Binding. Dev. Biol. 2002, 250, 305-316. [CrossRef]

Verdurmen, W.P.R.; Bovee-Geurts, PH.; Wadhwani, P.; Ulrich, A.S.; Héllbrink, M.; Van Kuppevelt, T.H.; Brock, R. Preferential
uptake of L-versus D-amino acid cell-penetrating peptides in a cell type-dependent manner. Chem. Biol. 2011, 18, 1000-1010.
[CrossRef]

Saga, T.; Neumann, R.D.; Heya, T.; Sato, ].; Kinuya, S.; Le, N.; Paik, C.H.; Weinstein, ].N. Targeting cancer micrometastases with
monoclonal antibodies: A binding- site barrier. Proc. Natl. Acad. Sci. USA 1995, 92, 8999-9003. [CrossRef] [PubMed]

Dom, G.; Shaw-Jackson, C.; Matis, C.; Bouffioux, O.; Picard, ].].; Prochiantz, A.; Mingeot-Leclerq, M.P.; Brasseur, R.; Rezsohazy,
R. Cellular uptake of Antennapedia Penetratin peptides is a two-step process in which phase transfer precedes a tryptophan-
dependent translocation. Nucleic Acids Res. 2003, 31, 556-561. [CrossRef] [PubMed]

Alsulays, B.B.; Anwer, M.K; Soliman, G.A.; Alshehri, S.M.; Khafagy, E.S. Impact of penetratin stereochemistry on the oral
bioavailability of insulin-loaded solid lipid nanoparticles. Int. . Nanomed. 2019, 14, 9127-9138. [CrossRef] [PubMed]

Hofstrom, C.; Altai, M.; Honarvar, H.; Strand, J.; Malmberg, J.; Hosseinimehr, S.J.; Orlova, A.; Graslund, T.; Tolmachev, V.
HAHAHA, HEHEHE, HIHIHI, or HKHKHK: Influence of position and composition of histidine containing tags on biodistribution
of [PMTc(CO);]*-labeled affibody molecules. . Med. Chem. 2013, 14, 9127. [CrossRef]

Gainkam, L.O.T.; Caveliers, V.; Devoogdt, N.; Vanhove, C.; Xavier, C.; Boerman, O.; Muyldermans, S.; Bossuyt, A.; Lahoutte, T.
Localization, mechanism and reduction of renal retention of technetium-99m labeled epidermal growth factor receptor-specific
nanobody in mice. Contrast Media Mol. Imaging 2011, 6, 85-92. [CrossRef]

Lecocq, Q.; Zeven, K.; De Vlaeminck, Y.; Martens, S.; Massa, S.; Goyvaerts, C.; Raes, G.; Keyaerts, M.; Breckpot, K.; Devoogdt, N.
Noninvasive imaging of the immune checkpoint LAG-3 using nanobodies, from development to pre-clinical use. Biomolecules
2019, 9, 548. [CrossRef]


http://doi.org/10.1126/sciadv.1500821
http://www.ncbi.nlm.nih.gov/pubmed/26601141
http://doi.org/10.1016/S0021-9258(17)34080-2
http://doi.org/10.1074/jbc.272.25.16010
http://doi.org/10.3233/RNN-1995-81206
http://doi.org/10.3389/fimmu.2018.02966
http://doi.org/10.1016/j.jconrel.2020.03.005
http://doi.org/10.1007/s00259-015-3092-8
http://doi.org/10.1016/j.ejpb.2019.02.010
http://doi.org/10.3390/ijms21072536
http://doi.org/10.1074/jbc.M109.036426
http://doi.org/10.1002/cbic.201700444
http://doi.org/10.1016/j.bbamem.2018.03.007
http://doi.org/10.1016/j.bmc.2017.11.004
http://doi.org/10.1021/mp100223d
http://doi.org/10.1111/j.1600-0854.2007.00572.x
http://doi.org/10.1016/j.str.2013.05.008
http://doi.org/10.1006/dbio.2002.0807
http://doi.org/10.1016/j.chembiol.2011.06.006
http://doi.org/10.1073/pnas.92.19.8999
http://www.ncbi.nlm.nih.gov/pubmed/7568060
http://doi.org/10.1093/nar/gkg160
http://www.ncbi.nlm.nih.gov/pubmed/12527762
http://doi.org/10.2147/IJN.S225086
http://www.ncbi.nlm.nih.gov/pubmed/31819423
http://doi.org/10.1021/jm400218y
http://doi.org/10.1002/cmmi.408
http://doi.org/10.3390/biom9100548

Pharmaceuticals 2021, 14, 602 22 of 22

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Behr, TM.; Goldenberg, D.M.; Becker, W. Reducing the renal uptake of radiolabeled antibody fragments and peptides for
diagnosis and therapy: Present status, future prospects and limitations. Eur. . Nucl. Med. 1998, 25, 201-212. [CrossRef]

Herce, H.D.; Deng, W.; Helma, J.; Leonhardt, H.; Cardoso, M.C. Visualization and targeted disruption of protein interactions in
living cells. Nat. Commun. 2013, 4, 2660. [CrossRef]

Tabtimmai, L.; Suphakun, P; Srisook, P.; Kiriwan, D.; Phanthong, S.; Kiatwuthinon, P.; Chaicumpa, W.; Choowongkomon, K.
Cell-penetrable nanobodies (transbodies) that inhibit the tyrosine kinase activity of EGFR leading to the impediment of human
lung adenocarcinoma cell motility and survival. J. Cell. Biochem. 2019, 120, 18077-18087. [CrossRef]

Jain, M.; Chauhan, S.C,; Singh, A.P,; Venkatraman, G.; Colcher, D.; Batra, S.K. Penetratin improves tumor retention of single-chain
antibodies: A novel step toward optimization of radioimmunotherapy of solid tumors. Cancer Res. 2005, 65, 7840-7846. [CrossRef]
Ramaker, K.; Henkel, M.; Krause, T.; Rockendorf, N.; Frey, A. Cell penetrating peptides: A comparative transport analysis for 474
sequence motifs. Drug Deliv. 2018, 25, 928-937. [CrossRef]

Adachi, Y.; Sakamoto, K.; Umemoto, T.; Fukuda, Y.; Tani, A.; Asami, T. Investigation on cellular uptake and pharmacodynamics
of DOCK2-inhibitory peptides conjugated with cell-penetrating peptides. Bioorganic Med. Chem. 2017, 25, 2148-2155. [CrossRef]
Mueller, J.; Kretzschmar, I.; Volkmer, R.; Boisguerin, P. Comparison of cellular uptake using 22 CPPs in 4 different cell lines.
Bioconjug. Chem. 2008, 19, 2363-2374. [CrossRef]

Zhang, W.; Song, J.; Zhang, B.; Liu, L.; Wang, K.; Wang, R. Design of acid-activated cell penetrating peptide for delivery of active
molecules into cancer cells. Bioconjug. Chem. 2011, 22, 1410-1415. [CrossRef]

Zhang, Y.; Li, L.; Chang, L.; Liu, H,; Song, J.; Liu, Y.; Bao, H.; Liu, B.; Wang, R.; Ni, J. Design of a new pH-activatable
cell-penetrating peptide for drug delivery into tumor cells. Chem. Biol. Drug Des. 2019, 94, 1884-1893. [CrossRef]

Aguilera, T.A.; Olson, E.S.; Timmers, M.M,; Jiang, T.; Tsien, R.Y. Systemic in vivo distribution of activatable cell penetrating
peptides is superior to that of cell penetrating peptides. Integr. Biol. 2009, 1, 371-381. [CrossRef]

Ke, M.T.; Fujimoto, S.; Imai, T. SeeDB: A simple and morphology-preserving optical clearing agent for neuronal circuit reconstruc-
tion. Nat. Neurosci. 2013, 16, 1154-1161. [CrossRef]


http://doi.org/10.1007/s002590050216
http://doi.org/10.1038/ncomms3660
http://doi.org/10.1002/jcb.29111
http://doi.org/10.1158/0008-5472.CAN-05-0662
http://doi.org/10.1080/10717544.2018.1458921
http://doi.org/10.1016/j.bmc.2017.02.022
http://doi.org/10.1021/bc800194e
http://doi.org/10.1021/bc200138d
http://doi.org/10.1111/cbdd.13537
http://doi.org/10.1039/b904878b
http://doi.org/10.1038/nn.3447

	Introduction 
	Results 
	Production of Nanobody-CPP Conjugates 
	Differential Uptake of 7D12-CPP Conjugates in EGFR Expressing Cells 
	Competition of EGF Binding by 7D12-R9 and 7D12-Pen 
	The Effect of 7D12-R9 and 7D12-Pen on EGFR Activation 
	Binding and Uptake of 7D12-DTPA-R9 and 7D12-DTPA-Pen and Their D-Peptide Counterparts at Picomolar Concentrations 
	D Tissue Penetration and Retention in Cell Spheroids 
	Biodistribution and SPECT Imaging of the r9 and Pen Conjugates In Vivo 

	Discussion 
	Materials and Methods 
	Nanobody Expression and Purification 
	WT Sortase A Expression 
	Dye and Chelator Coupling to the Nanobody 
	Coupling of CPPs to Nanobodies Via Sortase A Transpeptidation 
	Mass Spectrometry 
	Cell Culture 
	Uptake Experiments in Life Cells (Confocal Microscopy) 
	Detection of EGF Binding 
	pTyr1068 Staining 
	Spheroid Culture, Incubation and Optical Clearing 
	Radiolabeling of the 7D12 Conjugates and Quality Control 
	Animals 
	In Vivo Biodistribution and SPECT Imaging 
	Data Analysis and Statistics 

	Conclusions 
	References

