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We report a strategy of utilizing irreversible cysteine cathepsin
inhibitor as trapping agent to increase the tumor residence time of
receptor-targeted agents. The targeted constructs incorporating
these cysteine cathepsin trapping agents were able to form high
molecular weight adducts with intracellular cysteine cathepsins,
thus achieving superior retention in tumor tissues.

The development of receptor-targeted radiopharmaceuticals
that selectively bind to overexpressed receptor populations in
cancerous tissues has been, and continues to be, extensively
investigated.! The targeting constructs for these agents can be
broadly divided into carriers of low-molecular weight (e.g.,
small molecules and peptides) and high-molecular weight (e.g.,
proteins and antibodies). Low-molecular weight carriers offer
several advantages relative to macromolecules, such as rapid
accumulation in the target and clearance from non-target sites.?
Unfortunately, compared to high-molecular weight carriers,
smaller molecules generally have inherently higher metabolism
and diffusion characteristics, leading to decreased tumor
residence times that often diminish translational potential,
particularly for therapeutic applications.

Cysteine cathepsins (CCs) are a family of 11 endolysosomal
proteases with a variety of functions, but are primarily
attributed to protein catabolism.® These proteases are highly
expressed (i.e., mM) in endolysosomal compartments, but are
also known to exist extracellularly. The extracellular activity of
CCs is generally very low and tightly regulated in normal tissue
through a number of biological mechanisms.* In cancers,
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however, upregulation of both the expression and activity of
CCs has been observed® and has garnered interest in the
development of reversible and irreversible inhibitors of these
proteases for diagnostic and therapeutic purposes.®

Dipeptidyl acyloxymethyl ketones (AOMKs) are one example of
a class of irreversible inhibitors for CCs.” These inhibitors have
high selectivity for the active site of CCs. They can also form
irreversible thioether linkages with the cysteine responsible for
the catalytic function of the protease.’® To date, a variety of
AOMK inhibitors has been reported for diagnostic and
therapeutic purposes related to cysteine cathepsins known role
in cancer.®8

Herein, we propose a synergistic concept that utilizes CC
inhibitors, such as AOMKs, as novel and powerful CC-trapping
agents (CCTAs) to improve the retention of low-molecular
weight, receptor-targeted radiopharmaceuticals (Figure 1A).
Upon binding of the agonistic-targeting vector to its
corresponding cellularreceptor and intracellular trafficking to
the endolysosomal compartments, we hypothesized that
targeting vectors incorporating these CCTAs can irreversibly
bind to the highly expressed and active CCs within these
compartments. As a result, high-molecular weight, intracellular
CC-adducts, which would limit cellular efflux and diffusion of the
radiopharmaceutical were expected, thereby enhancing its
long-term retention in target tissues. It was anticipated that by
using this strategy, significant increases in the target/non-target
(T/NT) ratios could be achieved, thereby increasing the
likelihood of clinical translation. To examine the utility of this
concept, the neurotensin (NT) peptide / NTSR1 was utilized as
the model platform, a system for which our laboratory is well
versed.®

NTSR1 is a receptor known to be overexpressed in a number of
cancers, including pancreatic, prostate, and colon®* 1°, In this
study, the synthesized NTSR1-targeted agents utilizes an NT
fragment (i.e., NT(6-13)) as the targeting vector. This peptide
has a low-molecular weight with nanomolar binding affinity to
the NTSR1. Figure 1 provides a schematic outlining the
synthesized NTSR1-targeted conjugates. Briefly, the AOMK
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Fig. 1 (A) Scheme outlining the structure of the CCTA-incorporated, NTSR1-targeted
analogs. (B) Table detailing the structural components of the synthesized analogs. 177Lu-
DOTA - lutetium-177-labeled-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid; Cy5 —Cyanine 5; PEG3 - 2-[2-[2-(2-azidoethoxy)ethoxy]ethoxy]acetic acid.
inhibitor 1a was utilized as the model CCTA and the non-
reactive 1b (no inhibition) was used as a structurally analogous
control. The lutetium-177 (*"’Lu)-labeled-conjugates 2a-2d
were used to access the impact of the CCTA linker (X) on the
activity of the radioconjugate. For radioconjugates 2e-2f,
modifications were made to the peptide (Y) and the CCTA linker
to examine how increases in hydrophilicity impacted biological
performance. Radioconjugates 3a-3b utilized the inactive CCTA
(1b) and served as matching controls to the experimental
analogs. Lastly, a fluorescent dye (Cyanine 5, Cy5) was
conjugated to the CCTA-incorporated peptide to yield the
experimental compound 4a, with 4b serving as the matched
control. Synthetic schemes and details regarding the synthesis
of these compounds can be found in the supporting
information. The 7Lu radiolabeling efficiencies of the
conjugates were determined to be from 54.5 % to 88.8 % (Figure
S1 and S2). No radiolysis was detected under the radiolabeling
condition for all the conjugates.

To assess the in vitro CC-trapping potency of these conjugates,
the inhibition constant of the conjugates relative to the
unmodified inhibitor 1a were determined. Cathepsin B (CatB)
was chosen as the model CC due to its ubiquitous expression in
mammalian cells and the selectivity of 1a for this protease. By
monitoring the initial hydrolysis rates of the substrate by CatB
at different concentrations in the presence of the conjugates
(Figure S4), the observed rate constant (Kobs) was calculated and
converted to the inhibition constants (Ki) (Figure S4, S5 and S6)
according to the determined Michaelis-Menten constant (Km) of
the CatB (Figure S3). The results showed that only the
hydrophilic CCTA conjugates (2a-2f) demonstrated low
nanomolar Ki and inhibition ICsp to CatB, similar to the 1la
control (Table 1 and Table S4 and S5). As expected, the
unlabeled control analogs of 3a and 3b did not demonstrate any
inhibition over the concentrations investigated. In addition, the
NTSR1-binding affinity of the conjugates was investigated using
a competitive binding assay with HT-29 human colon cancer
cells, a well-known NTSR1-positive cell line®. All of the
conjugates exhibited comparable nanomolar binding affinities
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Table 1 The Log D7.4, CatB inhibition constant, and competitive binding (ICso) to NTR1 of
the compounds

Compound LogD7.4 CatB Ki (nM) NTSR1 ICs0 (NM)
la 2.08 £0.082 23+1 -
1b 2.51+0.022 nie -
2a -1.46 £0.020 25+4 20+2
2b -1.49 £0.02° 2615 22+2
2c -0.98 +0.020 69+13 19+1
2d -1.79 +0.06° 73+8 20+3
2e -1.71 £0.05° 72+2 20+3
2f -1.95+0.05° 50+13 18+2
3a -1.56 £0.07° ni 49+5
3b -2.01 +0.06° ni 52+8

aThe Log D74 was determined by HPLC analysis. ® The Log D74 was determined by
radiometric analysis. ¢No inhibition observed.

(Table 1). These results suggest minimal impact of the CCTA on
the conjugate affinity for the NTSR1 and vice versa (i.e., the
impact of the peptide on the CCTA efficacy).

Efflux studies were performed to examine the HT-29 cellular
retention profile of the radioconjugates over a 24 h period, as
shown in Figure 2A. Increased retention was observed as the
CCTA linker (X) increased in length from null (2a) to acetyl (2b)
to PEG3 (2c), suggesting the length impacts the cellular activity.
Unexpectedly, the longest linker Gly-(D)Sers (2d), did not follow
this trend and had a cellular retention profile similar to 2a.
However, introduction of a (D)Ser; in the peptide linker (Y)
resulted in a substantial increase in the cellular retention of the
analogous 2f. This data implies that introducing a PEG linker
between the CCTA and the peptide or inserting athree-D-Serine
linker in the peptide sequence could benefit the intracellular
binding of the conjugates.

Compound 2c exhibited substantially reduced efflux (36%)
compared to the structurally analogous inactive CCTA control
3a (66%) at 24 h. Similarly, 2f yielded reduced efflux results
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Fig. 2. (A) Efflux of the internalized 2a-f and 3a-b in HT-29 cells, values are means + SD
(n = 3). (B) Representative confocal microscopy images of the efflux of Cy5 labeled 4a
and 4b (red) formHT-29 cells. Cell endolysosomal compartments were stained with
Lysotracker (green). Scale bar = 50 um. (C) Time-dependent fluorescence intensity of
Cy5 per cellas quantified from the confocal images. (D) Co-localization efficiency of Cy5
(red) overlapping with Lysotracker (green). All the analysis was performed in 6 random
images and were presented as mean + SD. **p < 0.01, ***p <0.001, NS = not significant.
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(39%) relative to 3b (69%). The percentage surface bound vs
internalization of 2c and 2f (Figure S7) was also investigated.
The surface bond for both of the conjugates was observed to be
significantly (4 - 5 fold) higher than that of our previous NTSR1
ligand at 2h,°® which is likely due to the increased
hydrophobicity after the incorporation of the CCTAs. Overall,
the inclusion of an active CCTA into the NTR1-targeted peptide
construct led to a clear increase in cellular retention.

The cell trafficking study of the Cy5-labeled conjugate 4a and its
CCTA-inactive counterpart 4b was carried out utilizing confocal
microscopy. The conjugates were efficiently internalized by the
cells within 2 h, providing strong fluorescence intensity (red) in
the cytoplasm (Figure S8 and S9). This internalization could be
effectively blocked by the addition of an unlabeled NTSR1-
targeted agent, demonstrating that the cellular uptake is
NTSR1-mediated. The co-localization of the Cy5 signal of
conjugates 4a or 4b with the LysoTracker™ (green) signal
indicated intracellular trafficking by the endolysosomal
pathway. The intracellular retention of the conjugates was
further investigated over time (Figure 2B). The incorporation of
CCTA significantly prolonged the residence time of 4a in the
cells, imparting a 5.5 fold increase in florescence compared with
its inactive counterpart, conjugate 4b at 24 h (Figure 2C).
Remarkably, in contrast to 4b, the co-localization of 4a within
the endolysosomal compartments (LysoTracker™ signal)
persisted throughout the 24 h time period (Figure 2D). These
observations strongly suggest the CCTA in 4a enabled the CC-
mediated trapping of this conjugate in the endolysosomal
compartments.

To examine the ability of conjugates 2f and 2c to form
macromolecular adducts with CCs, gel permeation
chromatography (GPC) and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) were utilized.
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Fig.3. (A) The autoradiography of the SDS-PAGE showing the cathepsin B binding of the
conjugates can be completely inhibited by cysteine proteases inhibitor CA-074. (B) The
autoradiography of the SDS-PAGE gel from the CatB and live HT-29 cell samples after
incubation with 2f and 3b. (C) The autoradiography of the SDS-PAGE demonstrated that
co-incubation with competitive NTSR1 ligand Nz could result in the significant inhibition
of the intracellular adduct formation of the conjugates. (D) The GPC profiles of 2f and
HT-29 cells samples after incubation with 2f and 3b. (E) Autoradiographic image of a SDS-
PAGE gel examining the time-dependent retention of CatB-conjugate adducts in HT-29
cells after pre-incubation with 2f for 4 h.
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Indeed, co-incubation with CA-074 (Figure 3A), a CatB selective
inhibitor,!* eliminated observable CatB adducts. No
interference on CatB binding of the conjugates was observed
when co-incubated with the competitive NTSR1 ligand
confirmed the minimal impact of the NTSR1 peptide on affinity
of the conjugates to CatB (Figure S10A). These CCTA-
incorporated conjugates have been shown to bind to the Cys-
29 residue®? in the active site of the protease. Autoradiographic
SDS-PAGE demonstrated adduct formation of 2f (Figure 3B) and
2¢ (Figures S10B) with CatB (~24 kDa heavy chain). Incubation
of 2f and 2c in live HT-29 cells resulted in multiple
macromolecule adducts formed, including CatB and possibly
other cysteine cathepsin adducts. In addition, the intracellular
adduct formation of the conjugates was found to be
substantially inhibited by the co-incubation with a competitive
NTSR1 ligand (Figure 3C), indicating that adduct formation is
dependent on receptor-mediated endocytosis.

The intracellular adduct formation was also confirmed by the
observation of multiple adducts in the GPC analysis (Figure 3D
and Figure S11). Based on the GPC profile, the percentages of
macromolecular adducts, with respect to total intracellular
activity, were calculated as 61% for 2c and 66% for 2f, indicating
that the radioconjugates efficiently bind to CCs after
internalization. Furthermore, the radiolabeled adducts of 2f
could still be detected by SDS-PAGE after 24 h (Figure 3E),
suggesting a significant portion of these adducts are able to
remain intact over this timespan. Quantification of the
radioactive signal from the SDS-PAGE experiments revealed
that signal at 24 h was 51%, relative to 2 h, suggesting that the
half-life of these cellular adducts is approximately 24 h. As
expected, the inactive controls (3a and 3b) demonstrated no
adduct formation by either technique.

The excellent serum stability (Figure S12 and S13) and more
hydrophilic profile (Table 1) of 2f prompted the examination of
the in vivo targeting and retention profiles of this agent. Using
an HT-29 xenograft mouse model, the biodistribution profile of
2f and the inactive control 3b, were determined (Table S5). Both
conjugates demonstrated good muscle and blood clearance.
Tumor uptake (Figure 4A) of the two radioconjugates was
statistically identical at 4 hours. However, by 24 hours, 2f had a
25% increase in tumor uptake, while the tumor retention of 3b
decreased significantly by 40%. Percent decreases of about 33%
were seen for both conjugates at 72 h. Overall, 2f demonstrated
a nearly two-fold increase in retention time in the tumors,
compared to the control 3b after 24 h. Uptake in the liver and
kidney were substantial for both conjugates; however,
conjugate 2f demonstrated significantly increased retention
compared to the CCTA-inactive 3b. The uptake in the liver is
likely due to hepatic clearance and non-specific internalization
of these rather lipophilic conjugates.®® 13 We have found (data
not shown) that the liver and spleen uptake of similar CCTA-
incorporated NTR1-targeted agents can be eliminated by simply
increasing the hydrophilicity of the utilized agent. Renal uptake
is most likely due to the well-known renal reuptake/non-specific
internalization mechanism of charged peptides by the proximal
tubule cells during renal excretion.** Given this, it is probable
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Fig.4. (A) The %ID/g in HT-29 xenograft tumors at 4, 24 and 72 h postinjection of 2f and
3bin mice (n =5). (B) The autoradiography of SDS-PAGE of the HT-29 xenograft tumors
at 24 h postinjection of 2f and 3b in mice. (C) Percentage of the macromolecule
associated radioactivity (Mw > 10 kDa) in tumor tissues after administration of 2f and 3b
(n=3). *p <0.05, **p <0.01, ***p < 0.001, NS = not significant. (D) and (E) The western
blot of cathepsin B (human Liver) and the tumor homogenates after injected with 4aand
4b. The transferring membrane was stained by cathepsin B antibody and visualized by
fluorescence with excitation at 635 nm (D) for Cy 5 and at 532 nm (E) for Alexa Fluor 488
of the secondary antibody.

that 2f forms adducts in the liver and kidney in a manner similar
to the internalization mechanism for NTSR1-positive tumors.
To confirm this hypothesis, SDS-PAGE analysis was performed
on tumor (Figure 4B) as well as liver and kidney (Figure S14)
samples ex vivo for conjugates 2f and 3b. For 2f, identical
adduct profiles were observed in the tumor and non-target
tissue samples. These results suggest that these agents form
macromolecular adducts in these tissues most likely due to the
same CC-trapping mechanism. Control conjugate 3b
demonstrated no signs of adduct formation. In addition, using
centrifugal filtration (10 kDa MWCO) to separate
macromolecules from low-molecular weight compounds,
greater than 68% of the radioactivity resident in the HT-29
tumor tissues was found to be associated with macromolecules
(Figure 4C) at 24 and 72 h for 2f, indicating that the increased
retention in these tumors is indeed due to the CC binding.
Lastly, Cy5-labeled conjugates 4a and 4b were injected into
mice to further evaluate in vivo adduct formation. Similar to the
biodistribution data for the radioconjugates, the ex vivo imaging
results indicated that the tumor retention of 4a was greater
than its counterpart 4b at 24 hours (Figure S15). Analysis of the
fluorescently labeled proteins by western blot at 532 nm (Figure
4D) showed that 4a, based on corresponding CatB antibody
staining (Figure 4E), was mainly bound to CatB in tumor tissues.
This is thought to be due to the high CatB expression/activity
profiles in cells as well as the CatB selectivity of the CCTA
trapping agent.” 5

In summary, this study reinforces the concept that synergistic
incorporation of CC inhibitors (i.e., CCTAs) into a NTSR1-
targeted peptide can lead to the ability to efficiently form
adducts in the endolysosomal compartments of NTSR1-positive
cells. Furthermore, the formation of these macromolecular
adducts substantially prolonged the in vivo retention of the
radioconjugates in NTSR1-positive tumors. This strategy has the
potential to provide an unprecedented means to enhance the
efficacy of NTR1-targeted agents for an array of diagnostic and
therapeutic applications. Also, this technology is expected to be
easily adaptable to a range of receptor-avid small molecules,
peptides, and other targeted agents to improve the selective
retention of these agents, thereby leading to substantial
improvements in translational potential.
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