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Abstract

Matrix metalloproteinase-12 (MMP-12) is highly upregulated in several inflammatory diseases,
including abdominal aortic aneurysm (AAA). Here we report four novel 99MTc-labeled
radiotracers derived from a highly selective competitive MMP-12 inhibitor. These tracers in their
999T¢ version were assessed 777 vitro on a set of human metalloproteases and displayed high
affinity and selectivity toward MMP-12. Their radiolabeling with 9MTc was shown to be efficient
and stable in both buffer and mouse blood. The tracers showed major differences in their
biodistribution and blood clearance. Based on its /7 vivo performance, [?9MTc]-1 was selected for
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evaluation in murine AAA, where MMP-12 gene expression is upregulated. Autoradiography of
aortae at two hours post-injection revealed high uptake of [?9™Tc]-1 in AAA relative to adjacent
aorta. Tracer uptake specificity was demonstrated through /n vivo competition. This study paves
the way for further evaluation of [2°™Tc]-1 for imaging AAA and other MMP-12-associated
diseases.
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INTRODUCTION

Matrix metalloproteinases (MMPs) are a family of calcium-dependent zinc-containing
endopeptidases that belongs to the metzincin superfamily. MMPs are secreted as inactive
zymogens that require proteolytic activation and their activity is regulated by the presence of
tissue inhibitors.l Members of the MMPs family have a broad range of substrates with
variable specificity.2 MMPs have been implicated in numerous physiological and
pathological processes, and play complex roles in tissue inflammation and inflammation
resolution.3 4

MMP-12, also named macrophage elastase, is best known for its ability to cleave elastin,> 6
a major component of elastic laminae in the media of arteries. Macrophages are major
sources of MMP-12.” As such, MMP-12 is upregulated in several inflammatory diseases,
including abdominal aortic aneurysm (AAA), atherosclerosis, and chronic obstructive
pulmonary disease (COPD). While normal arteries express low levels of MMP-12, MMP-12
is highly expressed in human AAA, where it can be detected in association with residual
medial elastic fibers.® This observation is replicated in the mouse, where aneurysm induction
leads to significant MMP-12 expression in the arterial wall.% 10 Importantly, several
preclinical studies have indicated that MMP-12 plays a major role in AAA development and
potentially rupture.10-13 MMP-12 is also expressed in atherosclerosis, and based on its
association with adverse cardiovascular events, has been proposed as a biomarker for
atherosclerotic plague vulnerability.8: 14 Similarly, MMP12 is upregulated and may play a
role in inflammatory lung diseases such as COPD1® 16 and asthma.1’ Taken together, these
findings suggest that the presence of active MMP-12 may constitute a biomarker in various
inflammatory diseases. Particularly, probing the /n vivo activation of this enzyme may allow
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to grade the pathological state and define the temporal window during which MMP-12 could
be considered as a potential therapeutic target.

Given the role of MMP activation in the pathogenesis of several inflammatory diseases,
MMP activity may represent a promising therapeutic target. However, in part due to the
complexity of the actions of the different MMPs, several broad spectrum MMP inhibitors
have failed in clinical trials.18 This led to the development of highly selective MMP
inhibitors.19-24 Among them, the phosphinic pseudo peptide RXP470.1 (Figure 1) was
identified as a highly potent competitive inhibitor able to selectively target MMP-12.25
MMP-12 specific inhibition with RXP470.1 has been validated in six different preclinical
models,26-31 suggesting that this inhibitor may be considered as a relevant starting point for
the development of MMP-12-selective imaging agents.

Based on the structure of RXP470.1, MMP-12-specific optical probes were recently
developed® 10 and their /n vivo performances evaluated in a model of aneurysmal arterial
remodeling.10 In this series of compounds, it was demonstrated that fluorescent reporters
impacted probe pharmacokinetics and biodistribution. Particularly, the probes’ non-specific
binding to serum albumin could be subtly tuned by the chemical nature of the fluorophore
with non-negligible impact on probe accumulation within the tissue of interest. While of
great value for basic research and potentially certain preclinical studies, the inherent
limitations of optical imaging preclude the application of fluorescent probes for non-invasive
imaging in humans. Unlike optical imaging, nuclear imaging is routinely used in the clinic.
In this respect, very recent studies have led to the development of MMP-12 radiotracers
incorporating in their structure a fluorine 18 radioisotope for positron emission
tomography32: 33 and radioiodinated MMP-12 probes.3* Here, we describe the development
and evaluation of RXP470.1-derived tracers labeled with 9°MTc for nuclear imaging. These
novel tracers share a common MMP-12-targeting moiety conjugated to a short PEG spacer
to prevent eventual steric clashes during binding to the target and differ in their Tc chelating
groups (Figure 1). After synthesis and radiolabeling, the binding properties of 999Tc labeled
tracers were assessed towards a set of twelve human metalloproteases as well as murine
MMP12. The radiochemical stability of 9™Tc-labeled tracers was then evaluated, and the
tracers’ pharmacokinetics and biodistribution were compared. The tracer displaying the best
performance was tested in a mouse model of AAA in which MMP-12 is upregulated.3®
Finally, the specificity of the tracer uptake was confirmed through competition experiments
in the presence of a broad-spectrum MMP inhibitor.

Synthesis of precursors 5, 6, 7 and 8

Radiotracers 1, 2, 3 and 4 were obtained from precursors 5, 6, 7, and 8 respectively (Scheme
1). Briefly, pseudo peptide scaffold | was generated on resin from a phosphinic building
block using standard Fmoc strategy as previously described.? After a selective removal of
Monomethoxy trityl (Mmt) protecting group, a C-terminal extension on the resulting free
amino function was performed by incorporating either two Fmoc-Gly-OH or two Fmoc-
Ser(OtBu)-OH units successively. These steps were followed by a conjugation step with A-
hydroxysuccinimide activated S-Acetylthioglycolic acid yielding, after cleavage from the
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support and RP-HPLC purification, precursor 5 (20%) and 6 (10%). Derivative 11 was
obtained after cleavage and RP-HPLC purification as described.® The free amino function of
11 was first transformed into azido function in presence of imidazole sulfonyl azide
trifluoroborate salt and copper sulfate. After 24h, the reaction completion was confirmed by
LC/MS and the resulting azido derivative was directly engaged in a Cu-catalyzed 1,3-dipolar
cycloaddition with propargyl glycine. After 30 min under microwave irradiation (60 °C, 25
W), the crude mixture was purified by RP-HPLC to afford 7 (60%). From the same
intermediate 11, precursor 8 (47%) was obtained after a coupling step with Succinimidy! 6-
(BOC-hydrazine)-nicotinate3® followed by a RP-HPLC purification.

Reagents and conditions: (a) Fmoc-Glu(OtBu)-OH (10 equiv), CIHOBY/DIC (10 equiv),
DMF, 60°C, microwave irradiation at 45W, 10 min, (b) Phosphinic building block A (1.2
equiv), CIHOBt/DIC (3 equiv), DMF, 60°C, microwave irradiation at 45W, 60 min, (c) 0.6
M HOBt (TFE/DCM: 1/1), RT, 30 min, (d) Fmoc-X-OH X= Gly (5equiv) or Ser(OtBu),
HCTU (5equiv), NMM (5equiv), NMP ([C]=0.02M), 60°C, microwave irradiations at 45W,
10 min, followed by addition of S-Acetylthioglycolic acid N-hydroxysuccinimide ester
(3equiv), DIEA (5equiv), in DMF ([C]=0.05M). RT, 12h, (e) TFA/TIS/H,0: 95/2.5/2.5, RT,
3x45 min, (f) RP-HPLC purification affording 5 and 6 with 20% and 10% yield respectively,
(9) TFA/TIS/H,0: 95/2.5/2.5, RT, 3x45 min followed by RP-HPLC purification, (h)
Compound Il (1 equiv), CuSO4 (2.8 equiv), Imidazole-1-sulfonyl azide tetrafluoroborate (20
equiv), carbonate buffer 50 mM/Methanol (3:1), pH = 8.5, RT, 24h, followed by addition of
L-propargyl glycine (50 equiv), sodium ascorbate (35 equiv), CuSOy4 (2.8 equiv), 60°C,
microwave irradiation at 45W, 30 min, (i) RP-HPLC purification affording 7 with 60% yield,
(1) Compound 11 (1 equiv), succinimidyl 6-(boc-hydrazine)nicotinate (2 equiv), dry DMF,
RT, 16h, followed by DMF removal under reduced pressure and dilution in HCl,q (5M), RT,
24h, (k) RP-HPLC separation affording 8 with 47% yield.

Radiosynthesis of [29MTc] and [999Tc] derivatives

Precursors 5, 6, 7 and 8 were labeled with ammonium pertechnetate 99[TcO,"NH,4*]
according to procedures described in experimental section. [9%9Tc]-1 to 4 were isolated with
>95% purity after RP-HPLC (see Sl for details). Radiolabeling with 99™T¢ was performed
following procedures similar to previously described methods for MAG, MAS, Triazole and
HYNIC conjugated compounds37-32 with empirical adjustments for the different compounds
and methods. Without any post-labeling chromatographic purification, the radiochemical
purity of the resulting 9MTc-labeled compounds was >95%. The specific activities of
[9MTc]-1, 2, 3 and 4 were 21-126 GBg/umol, 14-94 GBg/umol, 17-74 GBg/pmol and 26—
41GBg/umol, respectively.

Ki determination of [999Tc]-1 to 4 derivatives towards a set of metalloproteases

For each derivative, the inhibition constant was /n vitro evaluated through an inhibition assay
in presence of a fluorogenic substrates.® As shown in figure 2, compounds [#99Tc]-1 to 4
displayed Ki values towards hMMP12 comparable to that of parent RXP470.1, ranging from
0.2 nM for the HYNIC derivative 4 to 1.9 nM in the case of MAS compound 1. The binding
capacity of these compounds towards murine MMP-12 was maintained by comparison to
parent molecule, with inhibition constant ranging 0.4 to 20 nM (Figure 2 and Table S1).
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More importantly, the joint presence of PEG spacer and Tc chelating moiety impacted the
selectivity profile of RXP470.1-derived probes only moderately, which remained favorable
for h(MMP12.

In addition, inhibition constants of [999Tc]-1 to 4 towards hMMP-12 were reduced in the
presence of human or mouse serum albumin, and further decreases were observed while
incubated in different dilutions of mouse plasma (Table S2). In mouse plasma, this drop in
affinity ranged from three (factor 600 for [299Tc]-3) to four orders of magnitude (factor 3500
for [99Tc]-4). This shift in potency was also observed for parent RXP470.1 (factor 470 in
mouse plasma). The propensity to bind human and mouse serum albumin was comparable
for the four derivatives. All 99T¢ radiolabeled compounds were hydrophilic with
octanol/PBS partition coefficient ranging from —1.1 to —2.3 (Table S2).

Radiolabeling stability

We then investigated the radiochemical stability of [%*™Tc]-1 to 4 compounds in PBS. As
shown in Figure 3, after 6 hours of incubation at room temperature, no significant evolution
of the radio-HPLC profile of tracers [2°™Tc]-1, [%¥MTc]-2 and [%™Tc]-3 was observed,
demonstrating an excellent radiochemical stability in these conditions. The analysis of
[9¥MTc]-4 by radio-HPLC was unsuccessful due to high retention within the fluidic
component of the system with a wide range of testing conditions.

Similar experiments were performed in mouse blood for up to 3 h of incubation at 37°C.
Samples were collected at three different time points (0.5 h, 2 h and 3 h) and analyzed by
radio-HPLC (Figure 4). The three tracers appeared fully stable in these conditions with no
detectable degradation compounds generated within the three hours of incubation.

Biodistribution studies

The pharmacokinetics and biodistributions of the four 99MTc-labeled compounds were then
evaluated in C57BL/6J-albino mice. As illustrated by Figure 5, tracers [%*™Tc]-1 and
[99MT¢]-3 showed fast blood clearance with blood levels at 2 h post-injection (p.i.) 1.9 + 0.8
and 2.1 + 0.4 %injected dose (ID)/mL, respectively, while with 12.3 + 1.5%ID/mL,
[#°™Tc]-4 had the highest residual blood activity at 2 h p.i. (Figure 5A). Compounds
[9°™Tc]-1, [%9MTc]-2 and [#¥™Tc]-3 showed mix hepato-biliary and renal clearance, with
high activity in both bile and urine, while [?*™Tc]-4 showed a preferential urinary excretion,
with only modest bile activity. Uptake of [*MTc]-4 was elevated in lungs, liver, spleen [19-
23 %ID)/g] and kidneys (33 %ID/g). Uptake of [#9™Tc]-1 and [#*™Tc]-3 was low in non-
diseased aorta (1.7 £ 0.4 and 2.0 £ 0.6 %ID/g, respectively) and perivascular adipose tissue
(1.1+0.2and 1.4 £ 1.0 %ID/g, respectively).

Uptake in those tissues was higher with the two other tracers [2°™Tc]-2 and [*°™Tc]-4
(Figure 5B, and Table S3). These data highlighted the influence of Tc chelating moiety on
pharmacokinetics of the tracers with the MAG derivative [%*MTc]-1 offering the most
favorable properties both in terms of blood clearance and uptake in normal aorta.
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Evaluation of [99MTc]-1 in AAA and specificity

Based on its /n vivo performance, [¥*™Tc]-1 was selected for testing in a murine model of
angiotensin (Ang) ll-induced AAA. We have previously shown that Ang Il infusion in
apolipoprotein (Apo)E~'~ mice leads to the development of AAA in a subset of animals, and
MMP-12 expression is significantly upregulated in AAA in this model.3> As expected, Ang
1 infusion in male ApoE™~ mice (n=23) led to death from aneurysm rupture in eight (35%)
of the animals before the 4-week time point used for imaging. In the surviving animals, the
incidence of AAA was 47% (7/15). [#9MTc]-1 (20.6 + 5.6 MBq) was injected intravenously
to the surviving mice and the animals were subsequently sacrificed at 2 h p.i. for
autoradiography. Quantitative analysis of the images showed that [2°™Tc]-1 uptake in AAA
was 1.7-fold higher compared to adjacent infra-renal aorta (£ < 0.05). Pre-injection of a
1000-fold excess of RYM, a broad-spectrum MMP inhibitor4? resulted in a 3.6-fold decrease
in [%9MT¢]-1 uptake in aneurysm, demonstrating uptake specificity. Of note, the [*™Tc]-1
signal was decreased 3.0-fold in the normal-appearing aorta in blocking experiments,
reflecting diffuse aortic activation of MMP-12 in this model (Figure 6). Notably, unlike
tracer uptake in AAA, only minor differences existed in [%*MTc]-1 blood kinetics and tissue
biodistribution between non-blocking and blocking conditions (Figure S1).

DISCUSSIONS AND CONCLUSIONS

We report the design and development of a new family of 99MTc-labeled MMP-12 tracers
structured based on the selective MMP-12 inhibitor, RXP470.1. The tracers were shown to
retain high affinity and selectivity for MMP-12. Combining blood clearance, biodistribution
and affinity/selectivity profiles, [?*™Tc]-1 was selected as the leading compound for /7 vivo
evaluation in a murine model of AAA with MMP-12 upregulation.13: 35 In this model, there
was higher uptake of [*®MTc]-1 in AAA compared to non-aneurysmal aorta, and blocking
experiments established MMP-specificity of this higher uptake in AAA in vivo.

The design of MMP-12-specific radiotracers were in part based on the information gained
from the recently-described MMP-12 optical probes.® 10 In this case, we have demonstrated
that it was possible to conjugate various fluorescent moieties at the C-terminal end of
RXP470.1 pseudo peptide with only minimal impact on affinity and selectivity towards
MMP-12 for the resulting constructs.® Further, we have clearly showed that the chemical
nature of fluorophores, specifically their global charge, significantly affected the RXP470.1-
derived probes’ binding to serum albumin with consequences on probes’ pharmacokinetics
and biodistribution. By relying on these observations, we inserted four 9MTc chelating
groups of different core structures at the C-terminal end of RXP470.1. Indeed, it was
recently demonstrated that in the case of radiopharmaceuticals targeting Prostate-Specific
Membrane Antigen (PSMA), the choice of the Tc-chelating cage is critical for achieving
optimized /n vivo performance of imaging agents.#! In the RXP470.1 series, we thus
explored the traditional 9¥MTc-oxo core with a tetradentate N3S-based chelator (MAG
99mMTc-1 and MAS 99MTc-2 tracers), the 99MTc-tricarbonyl core (°9™T-3) and the 9°™Tc-
hynic core (%¥MTc-4). These different Tc-chelating moieties led to radiotracers with different
overall charge, lipophilic character and stability with potential consequences on their
binding properties, pharmacokinetics and MMP-12-targeting capacities.

J Med Chem. Author manuscript; available in PMC 2020 November 14.
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The shift in tracers’ affinity to MMP-12 in mouse plasma dilutions reflected the propensity
of RXP470.1-derived compounds to interact with other proteins than the targeted MMP-12.
Further, the observations made in the presence of serum albumin suggested that this protein
was the main binder for the tracers, which was consistent with the results obtained with
optical probe series. Of note, this phenomenon occurred in a similar extent for the parent
RXP470.1 and its derived tracers, as evidenced by their comparable shift of 1C5q (Table S2).
This observation needs to be considered for both imaging and enzymatic inhibition
purposes. Indeed, the apparent decrease in tracers’ affinity in the plasma may adversely
affect the quality of /n vivoimages. This issue will be the subject of future studies.

The selection of [2°™MTc]-1 as the lead compound was based on its favorable
pharmacokinetics profile, showing a combination of low blood activity at 2 h p.i. and less
uptake in tissues surrounding the aorta. Furthermore, although these differences were not
significant, [%*MTc]-1 showed a 2.7-fold higher affinity for murine MMP-12 compared to
[9°MTc]-3, while the affinity for human MMP-12 was comparable, which favored its use in
the mouse model. Tracer clearance kinetics are especially important for vascular imaging,
where the proximity of the vessel wall and blood mandates the use of tracers with rapid
blood pool clearance to yield sufficient contrast between the blood and the arterial wall.
Tracers 1, 2, and —3 were radiochemically stable /n7 vitro for up to 3 h in mouse blood.
Blocking experiments suggest that [*™Tc]-1 should be stable, at least at the tissue level, in
vivo. However, in the absence of empiric data, the /n vivo radiochemical stability of different
tracers cannot be ascertained. The 2 h time-point selected to assess tissue biodistribution,
represents a practical compromise for imaging in humans, and is consistent with previous
studies with MMP tracers. Future in vivo imaging studies should provide more detailed
analysis of tracer biokinetics.

We have previously shown that MMP-12 gene expression is significantly upregulated in Ang
l-induced AAA compared to normal aorta3® or aortae from Ang ll-infused animals with
only modest remodeling.13 In the current study, we observed 1.7-fold higher [#*™Tc]-1
uptake in AAA compared to non-aneurysmal aorta from same animal. Of note, analysis of
tracer uptake by digital autoradiography does not permit the preservation of the tissue for
subsequent tissue analysis. Therefore, we could not assess MMP-12 gene or protein
expression or MMP-12 activity to correlate with tracer uptake in AAA. However, the MMP-
specificity of [99mTc]-1 uptake was demonstrated by blocking of the signal in the presence
of an excess of the inhibitor. Although a direct comparison of two different imaging
modalities may be questionable, the range of tracer uptake in aneurysm in relation to control
tissue was somewhat lower compared to the uptake ratio obtained with fluorescent probes
using the same targeting moiety in a model of carotid aneurysm.10 There are key differences
in the animals models which may explain this difference; the location (carotid vs aorta) and
trigger (calcium chloride vs Ang Il) of aneurysm, as well as the reference artery which in the
case of carotid aneurysm is the saline-treated contralateral carotid artery, but in the case of
Ang ll-induced AAA is the adjacent aorta with low remodeling (which is not necessarily
normal). In addition, we cannot rule out that despite similar in vitro performance of the
tracers, the physicochemical properties and interactions in the biological milieu may have
affected the signal.
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This study reports the generation and evaluation of the first 9MTc-labeled radiotracers that
selectively target MMP-12. The lead compound displayed specific /n vivo uptake in a
preclinical model of AAA. With the wide range of pathologies associated with MMP-12
upregulation and the advantages of nuclear imaging modalities, this tracer could be a
valuable tool for pathophysiological research and clinical translation.

EXPERIMENTAL SECTION
1. Synthetic Chemistry

1.1. Chemical Reagents and procedures—Commercially available reagents and
solvents were used as received without further purification. Diisopropylcarbodiimide (DIC),
1-Hydroxybenzotriazole hydrate (HOBt), Trifluoroacetic acid (TFA), O-(6-
Chlorobenzotriazol-1-yl)- N, N, ,  -tetramethyluronium hexafluorophosphate (HCTU), N-
methylmorpholine (NMM), A~methyl pyrrolidone (NMP), N,N-diisopropylethylamine
(DIEA), S-Acetylthioglycolic acid N-hydroxysuccinimide ester, Triisopropylsilane (TIS),
Trifluoroethanol (TFE), imidazole sulfonyl azide trifluoroborate salt, and 3,3",3” -
Phosphanetriyltris(benzenesulfonic acid) trisodium salt were purchased from Sigma-Aldrich
(USA). The Universal PEG NovaTag™ resin (100-200 Mesh, 0,9 mmol/g) and Fmoc-AA-
OH were purchased from Merck (Germany). 6-Chloro-1-Hydroxybenzotriazole (CIHOBY)
was purchased from Molekula (United Kingdom). Succinimidyl 6-(boc-hydrazine)nicotinate
was synthesized from 6-chloronicotinic acid (Aldrich) according to a procedure previously
reported.36 The pseudo peptide syntheses were performed manually using a polypropylene
syringe (Supelco) equipped with a polyethylene frit and a stopper. The microwave
experiments were performed with a Discover apparatus (CEM pWave, Matthews, NC, USA)
using the open vessel mode with a SPS kit. Ammonium per technetate 999[TcO,"NH,4*] was
purchased from the National Oak Ridge laboratory (USA). DO measurements were
performed on a Shimadzu UV spectrophotometer (UV-1800). The analytical RP-HPLC
separations were performed in i) Condition A: 0-10 min: 0-100%B, with H,0/0.1%TFA
(v/v) as solvent A and acetonitrile/0.09%TFA (v/v) as solvent B, Supelco Ascentis express
C1g column (2.7p 150 x 4.6 mm, 1,2 mL.min™1), UV detection at 230-280 nm, ii) Condition
B: 0-10 min: 0-100%B, with H,0/0.1%TFA (v/v) as solvent A and acetonitrile/0.09%TFA
(v/v) as solvent B, Grace HT C1g HL column (5u 150 x 4.6 mm, 1,2 mL.min~1), UV
detection at 230-280 nm, iii) Condition C: 0—20 min: 0-100%B with H,O/0.1%TFA (v/v) as
solvent A and acetonitrile/0.09%TFA (v/v) as solvent B, Grace HT C1g HL column (5u 150
x 4.6 mm, 1 mL.min1), UV detection at 230-280 nm, iv) Condition D: 0-20 min: 0—
100%B with 25 mM ammonium formate-H,O as solvent A and ACN-10% 25 mM
ammonium formate as solvent B, Grace HT C;g HL column (5 150 x 4.6 mm, 1,2 mL.min
1), UV detection at 230-280 nm, or v) Condition E: 0—20 min: 0-100%B with 25 mM
ammonium formate-H,0 as solvent A and ACN-10% 25 mM ammonium formate as solvent
B, Grace HT Cyg HL column (5p 150 x 4.6 mm, 0,6 mL.min™1), UV detection at 230-280
nm. The semi-preparative RP-HPLC purifications were performed in condition 1: 0-30 min:
0-100%B, with H,0O/0.1%TFA (v/v) as solvent A and acetonitrile/0.09%TFA (v/v) as
solvent B, Supelco Ascentis® C18 column (10 x 250 mm, 10 pm, 3 mL.min™1), UV
detection at 230-280 nm. The retention times (Rt) were reported in minutes (min). The
NMR experiments were acquired on a Bruker Avance 111 500 MHz spectrometer equipped

J Med Chem. Author manuscript; available in PMC 2020 November 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Toczek et al.

Page 9

with a TCI 1H/13C/15N cryoprobe. The spectra of precursors 5 to 8 were recorded in DMSO-
0 at 298 K using 200 pL samples in 3 mm NMR tubes (5 and 7) or 250 pL samples in 5 mm
Shigemi NMR tubes (6 and 8). Complete 1H, 13C assignments were obtained from the
analysis of 1D IH, 1D 13C DEPTQ, 2D 1H-1H TOCSY, 2D H-1H ROESY, 2D 1H-13C
HSQC and 2D 1H-13C HMBC experiments. The 1D 1H spectra were recorded on
compounds [%99Tc]-1 to 4 in D,0 using 5 mm Shigemi tubes. The mass spectrometry data
were registered using a 4800 MALDI-TOF mass spectrometer (Applied Biosystems, Foster
City, CA, USA) or an ion trap Esquire HCT spectrometer (Bruker Daltonics, Billerica, MA,
USA). The amino acid compositions were performed on an aminoTac JLC-500/V amino
acids analyser (JEOL, Tokyo, Japan). The identity and purity of each newly synthesized
compound were assessed by analytical RP-HPLC (two different conditions, see
supplemental information for representative chromatograms), NMR (*H and 13C for
compounds 5, 6, 7 and 8 and *H for compounds [®%9Tc]-1 to 4, see supplemental
information for representative NMR spectra) and mass spectrometry. Each target compound
displayed a purity >95%.

1. 2. Compound Synthesis and characterization

1.2.1. Synthesis of %9[TcO4~NH4*]: Ammonium per technetate 999[TcO4"NH4*] was
re-oxidized as described.#2 The concentration of aqueous solution was determined by UV
considering an extinction coefficient of e944 pm = 5690 cm™tM~1.

1.2.2. Procedure to access [?99Tc]-1 and 2: A solution of 5 or 6 (50 nmol) in
ammonium acetate buffer (0.4 M, pH= 8, 125 L) was mixed with a freshly prepared SnCl,
solution in sodium ascorbate buffer (4 mg/mL, pH= 8.5, 20 pL). A solution of 9%9Tc-
pertechnetate (1 uL of 33mM solution, 33 nmol, 0.7 equiv) was added and the reaction
mixture was heated at 100 °C for 20 min. The crude compounds were purified by RP-HPLC
in condition A affording pure [%%9Tc]-1 (24 nmol, 48%) and [#%9Tc]-2 (28 nmol, 56%) as
white powders after freeze-drying.

Compound [99Tc]-1: e577 ym(MeOH) = 41 606 cm~IM~1. Rt = 6.43 min in condition A.
LC/MS Analysis (condition C), Rt = 15.33 min. The *H NMR spectrum of the compound
[999Tc]-1 was registered in D,O with pre-saturation of the solvent (Figure S14) with no
assignment in this case. MS (ESI) m/z for [C55HggBrCINgO19PSTc]*, calcd: 1436.5; found:
1436.2

Compound [99Tc]-2: £577 ym(MeOH) = 42 755 cm~IM~L. Rt = 6.21 min in condition A.
LC/MS Analysis (Condition C): Rt = 15.06 min. The IH NMR spectrum of the compound
[999Tc]-2 was registered in D,O with pre-saturation of the solvent (Figure S15) with no
assignment in this case. MS (ESI) m/z for [CsgH74BrCINgO2,PSTc]*, calcd: 1526.6; found:
1526.3.

1.2.3. Procedureto access[99Tc]-3: In a sealed tube, sodium boronocarbonate (0.45
mg, 4.6 umol), a water solution of borax (29 mg/mL, 10uL), a water solution of sodium
tartrate (85 mg/mL, 10uL), a water solution of calcium carbonate (8mg/mL, 10uL) and a
solution of 99Tc-pertechnetate (50 nmol, 33 mM, 1.5 pL, 5 equiv) were successively added.
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The reaction mixture was heated at 100°C for 10 min. After cooling down to room
temperature, the pH was adjusted to ~ 8-8.5 with a solution of HCI (330 mM, 20 uL) and a
water solution of 7 was added (10 nmol, 1M, 10uL). The reaction was carried out at 100°C
for 20 min. The crude reaction mixture was then purified by RP-HPLC in condition A
affording a pure [%99Tc]-3 (4.3 nmol, 43%) as a white powder after freeze-drying.

Compound [99Tc]-3: 579 ym(MeOH) = 39 735 cm~IM~1. Rt = 7.02 min in condition A.
LC/MS Analysis (Condition C): Rt = 19.44 min. The 1H NMR spectrum of the compound
[999Tc]-3 was registered in D,O with pre-saturation of the solvent (Figure S16) with no
assignment in this case. MS (ESI) m/z for [C53HggBrCINgO1gPTc]*, calcd: 1342.3; found:
1343.3

1.2.4. Procedure to access [%%9Tc]-4: A solution of 8 (70 ug, 30 nmol) in sodium
carbonate buffer (500 mM, pH= 7.8, 75 uL) was combined to a water solution of tricine (3.9
umol, 56 mM, 70 pL, 130 equiv). To this solution a DMSO solution of 3,3",3” -
Phosphanetriyltris(benzenesulfonic acid) trisodium salt (3.4 umol, 500 mM, 7 L, 114
equiv) and a solution of 999Tc-pertechnetate (33 nmol, 33 mM, 1 pL, 1.1 equiv) were
successively added. The reaction mixture was heated at 100 °C for 10 min under microwave
irradiations (25W). The crude reaction mixture was purified by RP-HPLC in condition D to
afford a pure [999Tc]-4 (14 nmol, 47%) as a white powder after freeze drying.

Compound [99Tc]-4: £575 ym(MeOH) = 58 670 cm~IM~1. Rt = 8.66 min in condition D.
LC/MS Analysis (Condition E): Rt = 8.65 min. The IH NMR spectrum of the compound
[999Tc]-4 was registered in D,O with presaturation of the solvent (Figure S17) with no
assignment in this case. MS (ESI) m/z for [C75HgsBrCINgO2gP,S3Tc]*, caled: 1932.9;
found: 1932.3

1.2.5. Solid phase synthesis of precursors 5 and 6: A standard Fmoc methodology was
used to build amino acid sequence on Universal PEG NovaTagTM resin (300 mg, 0.074
mmol). Fmoc-Glu(OtBu)-OH (0.315 g, 0.74 mmol, 10 equiv) and the phosphinic building
block A (0.062 g, 0.089 mmol, 1.2 equiv) were incorporated on solid support following a
standard protocol in the presence of DIC and CIHOBt in DMF, as previously described.® To
achieve the synthesis of compounds 5 and 6, an additional elongation step on the amino
function at the C-terminal position was implemented. The compound 1° conjugated to the
resin (57 mg, 11.5 pmol) was treated with a solution of 0.6 M HOBt in TFE/DCM: 1/1 at
room temperature for 30 min. After washing steps with DMF (2 x 5 min) and DCM (2 x 5
min), an elongation of the free amino function was performed with either Fmoc-Gly-OH (5
equiv) or Fmoc-Ser(OtBu)-OH (5 equiv) pre-activated in presence of HCTU (5 equiv) and
NMM (5 equiv) in NMP ([C]=0.02M). The coupling reaction was carried out under
microwave irradiations (45W) at 60°C for 10 min. After the washing steps and Fmoc
removal, S-Acetylthioglycolic acid N-hydroxysuccinimide ester (3 equiv) in DMF
([C]=0.05M) was coupled to the free amino function in the presence of DIEA (5equiv). The
coupling reaction was conducted overnight at room temperature. The compounds 5 or 6
were then cleaved from the support with a TFA/TIS/H,0: 95/2.5/2.5 cocktail (5 mL, 3 x 45
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min). The crude pseudo peptides as a diastereomer mixture were purified by RP-HPLC in
condition 1.

Compound 5 was obtained as white powder (3.1 mg, 20%) after freeze drying.

£972 nm(MeOH) = 34 820 cm™IM™1. Rt = 6.43 min in condition A, Rt = 7.32 min in
condition B. The complete 1H and 13C NMR assignments are detailed in Table S4 (see also
Figure S2, S3 and S4 for representative 1H, 2D HSQC 13C-H and 2D HMBC 13C-1H NMR
spectra respectively). MS (MALDI-TOF) m/z for [C57H71BrCINgO19PS] ™, calcd:
1362.3202; found: 1362.4579.

Compound 6 was obtained as white powder (1.6 mg, 10%)) after freeze drying.

272 nm(MeOH) = 34 360 cm™ M1, Rt = 6.25 min in condition A, Rt = 7.28 min in
condition B. Complete 1H and 13C NMR assignments are detailed in Table S5 (see also
Figure S5, S6 and S7 for representative 1H, 2D HSQC 13C-1H and 2D HMBC 13C-1H NMR
spectra respectively). MS (MALDI-TOF) m/z for [CgoH77BrCINgO2,PS-], calcd:
1452.3519; found: 1452.5046.

1.2.6. Synthesis of precursor 7: To a solution of compound 11° (1 mg, 1umol) in
carbonate buffer 50 mM/Methanol: 3/1 (1 mL, pH = 8.5) were added copper sulfate (0.7mg,
2.8 ymol, 2.8 equiv) and imidazole sulfonyl azide trifluoroborate salt (5.1 mg, 20 pmol, 20
equiv). The resulting blue solution was stirred at room temperature for 24h. The L-C-
propargyl glycine (5.6 mg, 50 pmol, 50 equiv) and sodium ascorbate (6.9 mg, 35 umol, 35
equiv) as well as a supplementary portion of copper sulfate (0.7mg, 2.8 umol, 2.8 equiv)
were then added. The reaction mixture was heated at 60°C for 30 minutes under microwave
irradiations (25W). The crude pseudo peptide was purified by RP-HPLC in condition 1.

Compound 7 was obtained as white powder (0.76 mg, 60%) after freeze drying.

272 nm(MeOH) = 33 023 cm™IM~1. Rt = 6.23 min in condition A, Rt = 7.38 min in
condition B. The complete H and 13C NMR assignments are detailed in Table S6 (see also
Figure S8, S9 and S10 for representative 1H, 2D HSQC 13C-'H and 2D HMBC 13C-1H
NMR spectra respectively). MS (MALDI-TOF) m/z for [C5oHgoBrCINgO15P]™, calcd:
1157.2793; found: 1157.4092.

1.2.7. Synthesis of precursor 8: To a solution of compound 11° (0.3 mg, 0.3umol) in dry
DMF (75 pL), DIEA (0.3pL, 1.5 umol, 5 equiv) and succinimidyl 6-(boc-
hydrazine)nicotinate (0.2 mg, 0.6 umol, 2 equiv) were added. The resulting solution was
stirred at room temperature. After 16h, DMF was removed under reduced pressure, the crude
mixture was diluted with HClaq (5M, 100 pL) and stirred for an additional 24h at room
temperature. The crude pseudo peptide was purified by RP-HPLC in condition 1.

Compound 8 was obtained as white powder (0.16 mg, 47%) after freeze drying.

272 nm(MeOH) = 35 185 cm™IM~1. Rt = 6.31 min in condition A, Rt = 7.36 min in
condition B. The complete H and 13C NMR assignments are detailed in Table S7 (see also
Figure S11, S12 and S13 for representative 1H, 2D HSQC 3C-1H and 2D HMBC 13C-1H
NMR spectra respectively). MS (MALDI-TOF) m/z for [C51HgoBrCINgO14P], calcd:
1153.2844; found: 1153.4360.
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2. Radiochemistry

The precursors 5, 6, 7 and 8 were labeled with [%*MTc]-TcO4~ following previously
described methods, which were empirically optimized. To 10 pg of 5 or 6 in 10 pL of
DMSO, the following were added successively: 50 uL of ammonium acetate 0.5 M solution
(pH =8.0), 4 pL of disodium tartrate (5 % solution in 0.5 M ammonium acetate, pH adjusted
to 8.5), 10 puL of ammonium acetate 0.25 M, 2 uL of ascorbic acid (0.3 % solution in 20mM
HCI) and 2 uL of SnCl, (0.4 % solution in 10mM HCI, pH=2.5). After removal of air, 100
uL of [¥¥MTc]-TcO,4~ solution (444-685 MBq) was added and the mixture was heated at 85
°C for 15-30 min.

7 was labeled in a 2-step method using a ®™Tc-carbonyl core intermediate.
[#°™T¢(CO)3(H20)3]* was obtained by mixing the Isolink kit (Paul Scherrer Institute —- CRS
- Clinical Drug Supply, Switzerland) with ~1200 MBq of [?®™Tc]-TcO,~ and heating the
mixture at 95 °C for 20 min. After cooling and neutralization to pH = 7 by adding 1 N HCI,
370 MBq of [#°™T¢(C0)3(H,0)3]" was added to 10 ug of 7 in 10 uL of DMSO and heated
at 95 °C for 30 min.

10 pg of 8 in 100 pL of 80 % aqueous ethanol was incubated with 370 MBq of [*9™Tc]-
TcO,4™ and 100 pL (10 mg) of tricine solution in succinate buffer (25 mM, pH=5.0), in the
presence of 20 uL (60) ug of freshly prepared SnCl, solution in 0.1 N HCI for 10 min at
room temperature before adding 120 pL (5.5 mg) of triphenylphosphine-3,3’,3”-trisulfonic
acid solution in 25 mM succinate buffer (pH=5.0), and heating the mixture at 100 °C for 30
min.

3. Radiochemical stability assessment

Radiochemical stability of 9™MTc-labeled tracers was evaluated by RP- radio-HPLC analysis
following incubation in PBS (for 6 hours at room temperature), or in mouse blood (for 0.5 h,
2 hand 3 h at 37 °C) using plasma after protein precipitation with methanol. The analysis
was performed with a dedicated system (HPLC system 2489; Waters) coupled with a radio-
detector, using an analytic column (Jupiter, 4 um Proteo 90 A; Phenomenex) at a flow rate of
1 mL/min with gradients of solvent A (aqueous solution, 25 mM HCOONHy,) and solvent B
(90% aqueous acetonitrile, 25 mM HCOONH,). Solvent gradients were: 10 % B for 2-5
min, 10-70 % B in 15 min and 70-90 % B in 5 min or directly 10-90 % B in 18 min and 90
% for 5-10 min (30 min total). Additional analytic methods were tested and failed for
[#°™Tc]-4 (not described).

4. Affinity and selectivity evaluation

The inhibition constants of the parent RXP470.1 and the 4 tracers toward a panel of
recombinant human metzincins, including human MMP-12, TACE and ADAM-TS4, and
murine MMP-12 were determined using a fluorogenic activity assay, as previously
described.? A typical MMP inhibition assay was performed in 50 mM Tris-HCI buffer, pH =
6.8, 10 mM CaCl, at 25°C in presence of 0.2-0.5 nM of MMP using a fluorogenic substrate
(4.5 pM, Mca-Pro-Leu- Gly-Leu-Dpa-Ala-Arg-NH,, Enzo Life Sciences). ADAMT-S4
inhibition assays were carried out in 50 mM Tris-HCI buffer, 100 mM NaCl, 10 mM CaCl,,
pH 6.8, at 25°C using 5-FAM-Ala-Glu-Lys-GIn-Gly-Arg-Pro-lle-Ser- lle-Ala-Lys-TAMRA.-
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NH, substrate (0.9 uM, Enzo Life Sciences) and TACE inhibition assays were carried out in
20 mM Tris-HCI buffer (pH 6.8) at 25°C in presence of MCA-Lys-Pro-Leu-Gly-Leu-Dpa-
Ala-Arg-NH2 substrate (4.5 uM, R&D systems). Inhibition assays in the presence of mouse
serum albumin (Sigma Aldrich) or human serum albumin (Sigma Aldrich) were performed
following the procedure described above. Inhibition assays in diluted mouse plasma were
conducted in the presence of a selective MMP-12 substrate developed in our laboratory
(Mca-Pro-Leu-Gly-Cys(Mob)-Glu-Glu-Dpa-NH2) at 18 uM. Black, flat-bottomed, 96-well
non-binding surface plates (Corning-Costar) were used for these tests. Fluorescence signals
were monitored using a Fluoroskan Ascent photon counter spectrophotometer (Thermo-
Labsystems) equipped with a temperature control device and a plate shaker. For each
compound evaluated, the percentage inhibition was determined at five concentrations in
triplicate, within the range between 20-80. Ki values were determined using the method
proposed by Horovitz and Leviski.*3

5. Animal experiments

C57BL/6J-albino mice (originally from the Jackson Laboratory, n = 16) were used to study
tracers’ biodistribution and blood kinetics. Male ApoE~'~ mice (originally from the Jackson
Laboratory, n = 23) were infused for 4 weeks with 1000 ng/kg/min of human Ang Il
(Calbiochem) delivered by a subcutaneous osmotic minipump (Model 2004, Alzet), as
described.3> All experiments were performed in accordance with the regulations of Yale
University and VA Connecticut Institutional Animal Care and Use Committees.

5.1 Biodistribution—Mice were injected intravenously with 22 + 13 MBq of tracer (n
=4 per tracer) and serial blood samples were collected. Two hours after tracer injection, the
animals were euthanized and different tissues were collected and weighted. The tissue and
blood radioactivity were recorded (WIZARD?2, PerkinElmer), corrected for decay and
expressed as %1D/g tissue or %1D/mL blood.

5.2 Quantitative Autoradiography—ApoE ™~ mice surviving 4 weeks of Ang 11
infusion were injected intravenously with 20.6 + 5.6 MBq of [%*MTc]-1 and euthanized
under anesthesia after 2 hrs. A subset of animals was injected intravenously with a 1000-fold
excess of RYM, a broad-spectrum MMP inhibitor ~2 minutes prior to [?9MTc]-1
administration.4% The entire aorta and carotid arteries were dissected under microscope and
different tissues were collected to assess biodistribution. The aorta and standards of known
activity were placed on a phosphor screen (MultiSensitive Phosphor Screen; PerkinElmer)
for autoradiography. The phosphor screen was read using a phosphoimager (Typhoon Trio;
GE Healthcare Life Sciences) and the digital images were analyzed using Fiji/lmageJ
software (National Institutes of Health).

5.3 Statistical Analysis—All data are presented as mean + SD. Datasets from different
experimental groups where compared using Student’s t-test with or without Welsh’s
correction depending whether variances were different or equal. The blood activities of
different groups of animals were compared using 2-way ANVOA with post hoc Bonferroni
adjustment.
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RXP470.1 as MMP-12 targeting moiety
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Figure 1.

Chemical structures of Tc-labeled MMP-12 targeting tracers with a RXP470.1 scaffold.
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metalloprotease is associated to a color code (right panel). Ki (M) values were determined in
50 mM Tris-HCI buffer, pH 6.8 with 10 mM CaCl, at 25°C. Ki values are the mean + SD for
three independent experiments. The 1/Ki values are reported in logarithmic scale.
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Figure 3.

Radio-HPLC profiles of [29™Tc]-1 (A), [¥¥MTc]-2 (B) and [#°™Tc]-3 (C) right after the
radiolabeling (green plot) and after 6 h (blue plot) of incubation at room temperature in PBS.
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Radio-HPLC profiles of [29™Tc]-1 (A), [#9MTc]-2 (B) and [*°™Tc]-3 (C) incubated in mouse
blood at 37°C and collected at different time points (0.5 h-green plot, 2 h-blue plot and 3 h-

red plot).
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Figure 5.

Tracer biodistribution and clearance. Blood kinetics (A) and biodistribution at 2 hours (B) of
[%9MTc]-1 (black), [¥¥™MTc]-2 (green), [2°™Tc]-3 (blue), and [**MTc]-4 (red) in mice. n = 4 in
each group. ID: injected dose, WAT: white adipose tissue, pAT: periaortic adipose tissue,

SG: salivary glands, Duod.: duodenum.

J Med Chem. Author manuscript; available in PMC 2020 November 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Toczek et al. Page 23

C Il Control
Blocking
ns
0.3- * ok
e
O
o
£02{
Q
P4
8
Q.
¥
1.— 01'
o)
E
g
0.0-
irAA  AAA

Figure 6.
Autoradiography and macroscopic picture of aortae from apoE~~ mice with AAA at 4

weeks of Ang Il infusion harvested 2 h after the injection of [29™Tc]-1 (A, Control, n = 4) or
[%¥MTc]-1 and 1000-fold excess of a broad-spectrum MMP inhibitor (B, Blocking, n = 3).
Quantification of [?°™Tc]-1 uptake in non-remodeled infra-renal abdominal aorta (irAA) and
AAA (C).* P<0.05, ** P<0.01.
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Scheme 1.

Synthesis of precursors 5, 6, 7 and 8 to access 999Tc and 9¥MTc derivatives.
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