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Abstract

Patients with advanced cancers are treated with combined radiotherapy and chemotherapy, 

however curability is poor and treatment side effects severe. Drugs sensitizing tumors to 
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radiotherapy have been developed to improve cell kill, but tumor specificity remains challenging. 

To achieve tumor selectivity of small molecule radiosensitizers, we tested as a strategy active 

tumor targeting using peptide-based drug conjugates. We attached an inhibitor of the DNA damage 

response to antibody or cell penetrating peptides. Antibody drug conjugates honed in on tumor 

overexpressed cell surface receptors with high specificity but lacked efficacy when conjugated to 

the DNA damage checkpoint kinase inhibitor AZD7762. As an alternative approach, we 

synthesized activatable cell penetrating peptide scaffolds that accumulated within tumors based on 

matrix metalloproteinase cleavage. While matrix metalloproteinases are integral to tumor 

progression, they have proven therapeutically elusive. We harnessed these pro-tumorigenic 

extracellular proteases to spatially guide radiosensitizer drug delivery using cleavable activatable 

cell penetrating peptides. Here, we tested the potential of these two drug delivery platforms 

targeting distinct tumor compartments in combination with radiotherapy and demonstrate the 

advantages of protease triggered cell penetrating peptide scaffolds over antibody drug conjugates 

to deliver small molecule amine radiosensitizers.

Graphical Abstract
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Targeted drug delivery; Cell penetrating peptides; Antibody drug conjugates; Radiosensitization; 
Radiotherapy

Introduction

Locally advanced cancers that have not metastasized continue to pose a therapeutic 

challenge. The infiltrative nature of such cancers into surrounding normal tissue and 
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lymphatic spread precludes surgical curability. For such patients, randomized clinical trials 

have consistently demonstrated improved patient outcomes when radiotherapy is 

concomitantly given with chemotherapy [1–8]. Rationales for combining focally targeted 

ionizing radiation (IR) with systemically administered drugs include: 1) Spatial 

cooperativity of radiotherapy aimed at identifiable macroscopic tumor and chemotherapy 

simultaneously attacking subclinical microscopic cancer spread. 2) Independent mechanisms 

of tumor kill by chemotherapeutics and radiotherapy decrease the emergence of treatment 

resistant tumor clonogens. 3) Finally, a major motivation for concurrent chemo-radiotherapy 

is that certain drugs radiosensitize, i.e. increase IR induced DNA damage and tumor cell kill.

While radiotherapy delivery techniques have become increasingly sophisticated to 

incorporate advanced imaging inputs from CT, MRI and PET scanners to conform IR dose 

deposition to identifiable macroscopic disease, radiosensitizing drugs given with complex 

intensity modulated radiotherapy remain non-targeted broad spectrum chemotherapies (i.e. 

cisplatin, taxanes and 5-FU) [9–11]. Though such classical cytotoxic drugs improve tumor 

control, organ preservation and overall survival in combination with IR, they unfortunately 

increase normal tissue damage both in and out of the irradiated target zone [12]. Therefore, 

more precise tumor radiosensitization strategies are needed to increase the therapeutic ratio 

of radiotherapy [13–16]. Following IR, cell death primarily occurs through DNA double 

strand breaks resulting in chromosomal aberrations and ultimately clonogenic cell death. 

Mechanistic elucidation of cellular responses to IR has delineated key DNA damage 

response pathways [17]. Importantly, the DNA damage repair axis can be pharmacologically 

inhibited with readily available small molecule inhibitors. Though many radiosensitizers 

have been developed, a bottleneck in clinical translation is lack of tumor specificity. Non-

targeted drugs sensitize not only tumor cells to IR, but also the surrounding normal tissue 

which essentially negates any widening of the therapeutic window in combination with 

radiotherapy.

To address this fundamental problem, we have focused on developing orthogonal approaches 

to tumor radiosensitization by splitting the responsibilities for tumor targeting and 

radiosensitization into two distinct molecular tasks [18–20]. In principle, such a strategy 

attaches a radiosensitizing drug to a delivery vehicle. The tumor and its microenvironment 

possess localizing beacons that can actively guide drug delivery and can be therapeutically 

exploited. These include tumor cell intrinsic surface receptors and tumor extracellular matrix 

metalloproteinases (MMPs). Clinically successful examples of such a paradigm include 

antibody drug conjugates (ADCs) [21–26]. ADCs consist of highly potent cytotoxic drug 

warheads attached to an antibody. Tumor selectivity is achieved by using antibodies 

recognizing membrane receptors overexpressed on tumor cells compared to normal tissue. 

Following antibody binding to the cell surface receptor antigen, the conjugated warhead 

drug payload is internalized and selectively kills tumor cells in a receptor restricted manner. 

Similar to ADCs, smaller cell penetrating peptides can be drug conjugated to facilitate tumor 

targeted drug delivery [18, 27, 28].

Here we applied protein and peptide drug delivery technologies to achieve tumor selective 

drug delivery and radiosensitization with AZD7762. AZD7762 is a small molecule inhibitor 

that governs DNA damage response and cell fate after IR [29, 30]. We synthesized drug 
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conjugates of AZD7762 and compared their anti-tumor efficacy in combination with IR. An 

ADC was built by attaching AZD7762 to the anti-EGFR antibody cetuximab. Polycationic 

cell penetrating peptide drug conjugates were constructed by linking AZD7762 to a 9 amino 

acid polypeptide repeat of D-arginine and keeping it bare or cloaking it within a MMP-2/9 

targeted activatable cell penetrating peptide (ACPP) scaffold. In contrast to receptor 

targeting of ADCs, ACPPs redirect extracellular tumor microenvironment proteases to guide 

drug delivery. Intact, ACPPs are charge neutral and prevent the conjugated drug from 

entering cells. Upon cleavage by tumor overexpressed extracellular proteases, the ACPP 

scaffold releases drug conjugated polycationic peptide which is then internalized by cells. 

We found that while ADC has high affinity for tumors and prolonged blood circulation, 

antibody conjugated AZD7762 lacked efficacy. On the other extreme, naked polycationic 

cell penetrating peptide AZD7762 conjugates radiosensitized but lacked tumor specificity. In 

contrast, MMP-2/9 sensitive ACPPs balance tumor selectivity with drug efficacy. Intact, 

ACPPs held conjugated AZD7762 in a pro-drug inactive state that required tumor 

microenvironment cleavage for anti-tumor efficacy with IR. These results highlight the 

utility of the ACPP technology platform to target radiosensitizing drugs to tumor tissues 

based on extracellular protease activity.

Results

DNA damage response inhibitor AZD7762 is amenable to peptide conjugation

To evaluate the efficacy of tumor honing delivery platforms to deliver drugs that sensitize 

cancer cells to radiotherapy, we focused on AZD7762 as the drug payload since it has an 

amine group facilitating peptide attachment (Fig. 1A). Importantly, AZD7762 is a small 

molecule inhibitor of DNA damage checkpoint kinases CHK1 and CHK2 and increases IR 

induced cell death [29–31]. In a panel of cell lines from tumor histologies clinically treated 

with concurrent chemo-radiotherapy including head and neck, non-small cell lung, 

pancreatic and colo-rectal cancer, the potency of AZD7762 compared favorably to 

conventional cytotoxic chemotherapies routinely given together with radiotherapy (Fig. 1B). 

For drug conjugation, we first attached AZD7762 to a maleimidocaproyl-valine-citrulline-p-

aminobenzyl carbamyl (MC-VC-PABC) linker which was subsequently attached to an 

antibody or a polycationic cell penetrating peptide (Fig. 1C) [32]. We selected the MC-VC-

PABC linker since it is used in a clinically approved ADC, brentuximab vedotin [22]. After 

receptor mediated endocytosis of ADC, the valinecitrulline dipeptide within the MC-VC-

PABC linker is cleaved by lysosomal cathepsin B which is then followed by self-immolation 

of the p-aminobenzyl carbomyl group to release the bound drug. To construct an ADC, 

AZD7762 was attached to the anti-EGFR antibody cetuximab through the MC-VCPABC 

linker (Supplemental Fig. 1). On average 4 AZD7762 molecules were loaded per antibody. 

For visual tracking, the ADC was labeled with Cy5. A concentration of 2 nM was used for 

Cy5 labeled cetuximab-AZ7762 based on our previous experience with imaging antibodies 

conjugated to auristatin warheads [19]. As expected, Cy5 tagged cetuximab-AZD7762 

conjugate specifically bound EGFR expressing CAL27 cells but not to low EGFR 

expressing LN229 cells (Fig. 1D). As an alternative radiosensitizer delivery vehicle, we 

synthesized a polycationic cell penetrating peptide conjugate of AZD7762 by attaching it to 

a 9 amino acid repeat of D-arginine (r9-AZD7762) and similarly Cy5 labeled it 
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(Supplemental Fig. 2 and Supplemental Fig. 3). Cells were exposed to 100 nM Cy5 labeled 

r9-AZD7762 since 100 nM of free AZD7762 has been reported to radiosensitize [29, 30]. 

By fluorescent imaging, r9-AZD7762 conjugate was taken up indiscriminately by all tumor 

lines tested in cell culture (Fig. 1E).

Cell penetrating peptide conjugates of AZD7762 radiosensitize

Next, we tested the cytotoxicity of antibody and peptide conjugated AZD7762. For 

cetuximab- AZD7762, EGFR expressing CAL27 cells were assayed. As expected free 

AZD7762 produced dose dependent cell kill (Fig. 2A). However when conjugated to 

cetuximab, AZD7762 lacked cytotoxicity at a concentration of up to 3 uM. Evaluating 

higher doses of ADC was technically constrained by the limitation of antibody concentration 

achievable. As a positive ADC cytotoxic control, we conjugated cetuximab to an auristatin 

anti-tubulin, monomethyl auristatin E (MMAE). MMAE was highly potent at killing cells as 

either a free drug or as an antibody conjugate. This suggested that antibodies could not 

deliver a therapeutic concentration of the lower potency AZD7762. In contrast to lack of 

efficacy as an antibody conjugate, AZD7762 linked to r9 polycationic cell penetrating 

peptide demonstrated cell kill across cell lines albeit with decreased potency compared to 

free drug (Fig. 2B). PANC1 cells were a notable exception where the r9 conjugate had a 

similar IC50 to free AZD7762. Given that polycationic peptide conjugates of AZD7762 

retained cytotoxicity, we tested their potential to sensitize tumor cells to ionizing radiation. 

As expected, free AZD7762 significantly increased irradiation induced cell death in 

clonogenic assays. Importantly, treating tumor cells with r9-AZD7762 also radiosensitized 

tumor cells as effectively as free drug (Fig. 2C).

Non-invasive tracking antibody and cell penetrating peptides in tumor bearing mice

While cell penetrating peptide conjugates of AZD7762 sensitized tumor cells to IR mediated 

kill in vitro, they inherently lack an active targeting mechanism for tumor specific delivery 

in vivo. To provide a tissue restricted delivery solution for polycationic cell penetrating 

peptides, we have developed protease activated cell penetrating peptides, ACPPs (Fig. 3A) 

[28, 33, 34]. ACPP is constructed with modular architecture and minimally consists of 3 

domains: a polycationic cell penetrating peptide (nine repeats of D-arginine, r9), a 

polyanionic autoinhibitory domain (nine repeats of D-glutamic acid, e9), and an intervening 

flexible peptide linker (PLGC(Me)AG). For drug delivery, the drug payload is attached to 

the cell penetrating peptide domain of ACPP [18, 35]. While ACPP is intact, the bound drug 

is held in a “pro-drug” like inaccessible state due to charge neutralization of the polycationic 

cell penetrating peptide by the adjacent polyanionic peptide which blocks intracellular entry. 

Cleavage of the intervening linker within ACPP “triggers” it by removing the spatial 

proximity of the inhibitory polyanionic charge to the polycationic cell penetrating peptide. 

Since tumors are enriched in matrix metalloproteinases to promote invasive growth, ACPP 

tumor targeting can be achieved by inserting a MMP-2/9 sensitive PLGC(Me)AG peptide 

linker between the charged domains. Tumor microenvironment MMP-2/9 gelatinase activity 

cleaves ACPP and releases the r9 cell penetrating peptide-drug conjugate which then 

electrostatically adheres to cell membranes and is endocytosed.
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To compare tumor distribution of systemically delivered antibody, polycationic cell 

penetrating peptides and ACPPs, we synthesized Cy5 fluorescently labeled cetuximab, r9 

and ACPP probes (Fig. 3A). In our murine tumor models, we tested for differential tissue 

MMP-2/9 protease activity. Tumor and the adjacent muscle were harvested and assayed by 

gelatin zymography (Fig. 3B and Supplemental Fig. 4). Gelatinase activity was enriched in 

both CAL27 and PANC1 tumors compared to underlying muscle tissue. Cy5 labeled 

cetuximab, r9 and ACPP probes were tail vein injected into mice bearing bilateral thigh 

CAL27 tumors and visually tracked over the course of 48 hrs. (Fig 3C). Whole mouse 

imaging showed Cy5 fluorescence within the bilateral tumors with each probe. Control mice 

injected with water vehicle showed only gut autofluorescence and no tumor Cy5 signal 

(Supplemental Fig. 5A). Cetuximab antibody probe showed gradual increase in tumor Cy5 

signal over 48 hrs. with minimal non-tumor Cy5 fluorescence. Cy5 labeled r9 showed quick 

increase in Cy5 signal in tumor and also the overlying skin. Cy5 labeled ACPP also had 

tumor rapid Cy5 signal in tumor, but appeared to have reduced non-tumor fluorescence.

ACPP scaffold spatially targets cell penetrating peptides to tumors

To interrogate normal tissue and tumor differential distribution of systemically delivered 

polycationic cell penetrating peptides with ACPPs we focused on further evaluating the 

injection site (tail vein) and intended target (tumor). Mice with bilateral thigh CAL27 tumors 

were intravenously injected through the tail vein with Cy5 labeled r9 and ACPP. Whole tail 

non-invasive imaging revealed that r9 probe produced a higher Cy5 signal in the tail 

compared to ACPP following intravenous tail vein injection (Fig. 4A and Supplemental Fig. 

5B). At 90 minutes after peptide injection, tissues including tail, tumor and peri-tumoral 

muscle were harvested. Microscopy confirmed significantly higher Cy5 signal accumulation 

in the tail vein injection site from mice injected with r9 cell penetrating peptide as opposed 

to ACPP (Fig. 4B). Next the target tumor and adjacent muscle were identified by H&E 

staining on harvested tissue (Fig. 4C). While both the r9 or ACPP probes produced Cy5 

fluorescence within tumors, the ratio of Cy5 signal in tumor to adjacent muscle was 

significantly higher in mice injected with ACPP probe compared to naked r9 (Fig. 4D). 

Taken together, these results provide evidence that the ACPP scaffold can widen the 

therapeutic index of conjugated drugs by selectively targeting polycationic cell penetrating 

peptides to tumors and avoiding normal tissues.

In situ cleavage of ACPP marks tumors

To determine the applicability of PLGC(Me)AG guided ACPP drug delivery, we assayed 

MMP-2/9 gelatinase activity in patient tumor tissue samples from histologies routinely 

treated with combined chemotherapy and radiotherapy. Tumors collected from head and 

neck, lung, colorectal and pancreatic cancer patients all possessed gelatinase activity (Fig. 

5A). Clinically, tumor MMP expression has been correlated with advanced tumor stage and 

poor prognosis [36]. In a TCGA based analysis of HNC patients, we also found that 

MMP-2/9 expression correlated with a poor prognostic marker associated with decreased 

local-regional tumor control, perineural tumor invasion (Fig. 5B). Next, we determined if 

ACPP were cleaved in situ by human tumors. Ratiometric ACPP was synthesized by 

attaching a Cy5 far red fluorescent donor the polycationic cell penetrating peptide and a Cy7 

near infrared fluorescent acceptor to the polyanionic peptide (Fig. 5C) [37]. First, we 
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directly confirmed that ratiometric ACPP was cleaved by incubating it with recombinant 

MMP-9 and measuring remaining intact ratiometric ACPP (Fig 5D).

While ratiometric ACPP is intact, Cy7 re-emission is favored when excited with Cy5 

excitation wavelengths, resulting in a low Cy5:Cy7 emission ratio (blue pseudocolor). 

However if the peptide linker is cleaved, Cy5 emission is no longer quenched and Cy5:Cy7 

emission ratio increases (red pseudocolor). Mice with subcutaneous GFP expressing CAL27 

tumors were injected with ratiometric ACPP containing a non-cleavable polyethylene glycol 

(PEG) linker or MMP-2/9 cleavable PLGC(Me)AG peptide linker. Increased Cy5:Cy7 

emission ratio was found in tumors from mice injected with the cleavable PLGC(Me)AG 

ACPP (Fig. 5E and Supplemental Fig. 6A). Mice injected with the non-cleavable PEG 

ACPP had a low Cy5:Cy7 emission ratio confirming the necessity of cleavage of ratiometric 

ACPP for signal alteration. Advancing to orthotopic tongue tumors, CAL27 tumor bearing 

tongue tips also had increased ratiometric ACPP cleavage compared to adjacent non-

cancerous tongue muscle (Fig. 5F and Supplemental Fig. 6B). Finally, we queried if 

ratiometric ACPP was cleaved directly in a patient tumor biopsy. As seen with human tumor 

xenografts, ratiometric ACPP with cleavable PLGC(Me)AG linker had elevated Cy:5:Cy7 

emission ratio in patient biopsy specimen (Fig. 5G). These results demonstrate that ACPP 

probes with a PLGC(Me)AG linker can harness extracellular tumor microenvironment 

proteases to demarcate tumor tissue and actively target polycationic cell penetrating peptides 

to tumors.

ACPP targeted AZD7762 improves irradiated tumor control

Finally, we evaluated the efficacy of ACPP conjugated AZD7762 in combination with IR in 

murine models. We attached MC-VC-PABC-AZD7762 to the r9 cell penetrating peptide 

portion of ACPP by maleimide reaction with a C-terminal cysteine followed by modification 

of the N-terminal amine with an integrin-targeting cRGD active ester (Fig. 6A) [35]. The 

high specificity of these reagents limit side reaction with additional ACPP domains and 

therefore protection of carboxylic and amine/guanidine groups was not needed. The 

cleavage of ACPP-AZD7762 was measured by incubating the synthesized peptide drug 

conjugate with recombinant MMP-9 (Fig. 6B). To test the efficacy of peptide drug conjugate 

based radiosensitization, mice bearing CAL27 tumors were intravenously injected with a 

single dose of AZD7762 as free drug, r9 conjugate or ACPP conjugate (Fig. 6C). For drug 

conjugated ACPP, we included a co-targeting cRGD on the ACPP scaffold since tumor 

expressed αvβ3 integrins promote MMP-2/9 activity (Supplemental Fig. 2 and 

Supplemental Fig. 7) [35, 38]. IR was given focally to the tumor bearing hindlimbs with the 

remainder of the mouse shielded. Combining ACPP-AZD7762 and IR produced significant 

delayed tumor growth compared to all other treatment groups by day 14. Importantly in 

mice receiving IR, only the addition of ACPP-AZD7762 resulted in tumor growth delay 

while free AZD7762 or r9-AZD7762 did not. To optimize scheduling of ACPP drug delivery 

with IR, we evaluated the blood clearance of ACPP. Cy5 labeled ACPP was intravenously 

injected and Cy5 signal in blood serially measured (Fig. 6D). After an initial elevation of 

blood Cy5 fluorescence immediately following intravenous injection, ACPP blood 

concentration rapidly fell and was approximately 5% of maximum signal intensity at 90 

minutes post injection. ACPP blood clearance is in stark contrast to the persistence of 
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antibody, where blood levels of cetuximab remained at 33% of maximum at 24–48 hrs. post 

injection (Supplemental Fig. 8).

To corroborate our fluorescent peptide probe findings, we directly measured tissue 

AZD7762 levels following ACPP drug conjugate injection. Mice bearing CAL27 tumors 

were intravenously injected with ACPP-AZD7762 and blood and tissues were assayed for 

drug. At 2 hrs. post, AZD7762 concentration was 4.8 fold higher in tumors compared to 

adjacent non-cancerous muscle tissue (Fig. 6E). Drug accumulation in peri-tumoral muscle 

was minimal and essentially equivalent to that of circulating blood. Interestingly, ACPP-

AZD7762 conjugate had quick wash out kinetics from tumors. By 16 hrs., drug 

concentration in tumor decreased to levels found in blood. Since our initial results showed 

that only ACPP-AZD7762 increased tumor control of irradiated tumors compared to free 

drug or r9 conjugate, we next tested the necessity of ACPP peptide linker to improve tumor 

control in combination with ionizing radiation. We attached AZD7762 to an ACPP with a D-

amino acid linker, plGc(Me)aG and cRAD scaffold (d-ACPP-AZD7762) (Supplemental Fig. 

3). Mice with PANC1 tumor xenografts treated with combined IR and the cRGD and L-

amino acid linker ACPP drug conjugate demonstrated significant growth delay (Fig. 6F and 

Supplemental Table 1). In contrast, AZD7762 conjugated to a ACPP with a D-amino acid 

linker and cRAD did not provide any additional tumor control to IR alone. Given the rapid 

decrease of intratumoral AZD7762 concentration (Fig. 6E), we tested a dose intense 

combination of ACPP-AZD7762 and IR to improve tumor control. While repeated daily 

injections of ACPP-AZD7762 or fractionated ionizing radiation alone were ineffective, the 

combination of ACPP-AZD7762 with daily IR significantly increased survival of CAL27 

tumor bearing mouse (Fig. 6G and Supplemental Table 2). Equally important, the 

combination of ACPP conjugated AZD7762 and irradiation did not adversely affect mouse 

well-being (Supplemental Fig. 9).

Discussion

The modular architecture of peptide-based drug conjugate chemistry allowed us to directly 

compare different active tumor targeting approaches for radiosensitizers, i.e. ADC using 

intrinsic tumor cell surface receptors or ACPP using extracellular tumor microenvironment 

proteases. ADCs are highly precise due to specificity of the targeting antibody for cell 

surface receptors overexpressed on certain tumors. To this point, fluorescently labeled 

delivery vehicle tracking revealed that cetuximab had minimal Cy5 signal at the initial tail 

vein injection site compared to r9 cell penetrating peptide or ACPP (Fig. 3C and 

Supplemental Fig. 5B). Unfortunately, ADCs have had limited oncologic applications to 

date. A major weakness is that only a few cell surface receptors have been identified that are 

overexpressed specifically on tumors and can be therapeutically exploited [11]. Targeting 

HER2+ breast cancer with trastuzumab emtansine (T-DM1) is the sole successful translation 

of ADCs for solid cancers [23]. For purer radiosensitization applications, ADC delivery has 

another major disadvantage secondary to cell receptor uptake limiting intracellular 

therapeutic drug levels. All successful examples of ADCs have been constructed using 

highly potent cytotoxic drug warheads with IC50 in the single nanomolar range that target 

essential cellular functions. Unfortunately, inhibitors of the DNA damage pathways are not 

as cytotoxic or potent as warheads used in clinically approved ADCs. Our synthesized 
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cetuximab-AZD7762 conjugate exposed this glaring ADC weakness. While cetuximab 

conjugated to AZD7762 bound specifically to EGFR expressing cells, it lacked cytotoxicity 

seen with a MMAE conjugate (Fig. 2A).

In contrast to ineffectiveness as an antibody conjugate, AZD7762 attached to a polycationic 

cell penetrating polypeptide remained cytotoxic and radiosensitized (Fig. 2B and Fig. 2C). 

Cell penetrating peptide drug delivery is not receptor density limited. Therefore, less potent 

radiosensitizing drugs can achieve effective intracellular concentrations. However, 

polycationic cell penetrating peptides inherently lack tumor specificity. To provide an active 

targeting mechanism for polycationic cell penetrating peptides, we integrated the drug 

conjugated r9 peptide into an ACPP scaffold (Fig. 3A). ACPPs depend on MMPs to cleave 

the intervening linker peptide which removes charge neutralization and allows intracellular 

uptake of drug bound cell penetrating peptide. Importantly, MMPs play fundamental roles in 

cancer progression which have made them attractive targets for pharmacologic blockade 

[39]. While MMP inhibitors have been successfully developed, they failed to have clinical 

benefit. Given the lack of therapeutic success for enzyme inhibition, an alternative anti-

cancer strategy is redirecting MMP enzymatic protease activity for therapeutic gain. This 

was a primary motivation in designing ACPPs. From a therapeutic ratio, ACPPs had 

decreased normal tissue accumulation and increased tumor specificity compared to cell 

penetrating peptides (Fig. 4). Importantly in combination with ionizing radiation, ACPP 

drug conjugation improved tumor control compared to either free drug or r9 cell penetrating 

peptide conjugate (Fig. 6C). This suggests active tumor targeting by ACPPs can improve the 

therapeutic index of radiotherapy of not only free drug but also non-targeted cell penetrating 

peptides.

Our results with fluorescently labeled delivery vehicles highlight important 

pharmacodynamic differences between ADC and ACPP platforms to optimize sequencing 

with IR. In prior studies with anti-tubulin ADCs, a single dose of ADC resulted in drug 

detectable within tumors for 3 days and single dose of ADC in combination with daily IR 

produced tumor control [19, 20]. In contrast, ACPP blood clearance is much quicker than 

ADC which correlated to a shorter window of tumor AZD7762 accumulation (Fig. 6D, Fig. 

6E and Supplemental Fig. 8). This has implications in optimizing the sequencing ACPP drug 

conjugates with IR. Clinically, IR is delivered daily for multiple days. DNA damage occurs 

almost instantaneously after irradiation. Given the rapid excretion of ACPP from the 

circulation, ACPP drug delivery can be more adeptly tuned to maximize tumor kill in the 

irradiated target than ADCs. To this point, we found that giving ACPP daily with IR 

produced sustained tumor control (Fig. 6G). Moreover, ACPPs are also much smaller than 

ADCs which can facilitate improved tumor penetration.

The modular design of ACPPs allows them to function as biosensors to evaluate tissue 

microenvironment processes in situ. Ratiometric labeled ACPP molecular probes non-

invasively monitor tumor extracellular protease activities to provide information on tumor 

microenvironment evolution how it is influenced by anti-cancer therapies [40]. Interestingly, 

MMPs are induced by IR and modulate tumor response to IR [40–44]. Moreover, IR has 

been shown to increase macromolecule delivery to the irradiated target independent of 

endothelial cell integrity [45]. This suggests ACPPs can interrogate and therapeutically 
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exploit irradiated tumor microenvironments. While we focused on MMP-2/9 sensitive 

PLGC(Me)AG linker, other peptide linker sequences can be incorporated between the 

charged peptide domains of ACPP to characterize and harness the interplay of different 

classes of tumor microenvironment extracellular proteases on tumor progression. 

Interestingly, other tumor targeting peptides are being developed to target irradiated tumors 

such as Tax-interacting protein-1 (TIP-1) [46, 47].

In summary, our ACPPs leverage MMP protease activity for enzymatic directed drug 

delivery of radiosensitizer conjugated cell penetrating peptides. Tumor targeted peptide-

based radiosensitizer drug delivery has the potential to spatially and temporally cooperate 

with radiotherapy to improve tumor kill while reducing normal tissue toxicity. Harnessing 

tumor microenvironment extracellular proteases, ACPPs function as molecular probes to 

mark tumor regions and can selectively deliver their drug conjugated radiosensitizer payload 

into tumor regions associated with poor prognosis. Importantly, the ACPP platform offers 

solutions to the limitations posed by ADCs for delivering less potent radiosensitizing 

warheads. Given structural requirements, our initial studies evaluated commercially 

available AZD7762 conjugates due to the presence of an amine group facilitating linkage to 

antibody or ACPP. However, other inhibitors of the DNA damage response may be amenable 

to peptide conjugation especially as linker chemistry advances.

Materials and Methods

Cells and Reagents

Human head and neck CAL27, lung A549, pancreatic PANC1, colorectal HCT116 and 

glioma LN229 cancer cell lines were obtained from American Type Culture Collection. 

CAL27, A549, HCT116, PANC1 cells and LN229 were cultured in DMEM supplemented 

with 10% FBS. On initial receipt, cell lines were expanded and low passage stocks 

cryopreserved without further authentication testing. Cells were passaged 2 times per week 

and used for 4–6 weeks after which a new stock vial was thawed. Cells were routinely tested 

for mycoplasma by PCR, and testing was performed prior to cell implantation in mice for 

xenograft experiments. AZD7762 (Selleck Chemicals) was reconstituted in dimethyl 

sulfoxide (DMSO). Clinical grade cetuximab was obtained from UCSD Moores Cancer 

Center pharmacy.

Synthesis of antibody drug conjugate

A solution of cetuximab (1 ml, 2 mg/ml, 15.7 nmol; measured at A280 with an extinction 

coefficient of 211,370 M−1cm−1) was treated with bicine buffer (1 M, 100 μl, pH 8.3) and 

Na2DTPA (100 mM, 10 μl) and reduced at 37°C for 2 hrs. by the addition of TCEP (10 mM, 

6.3 μL, 63 nmol). After cooling to room temp., MC-VC-PABC-AZD7762 (74 μl of a 0.85 

mM solution in DMSO, 63 nmol, mixed with 74 μl of water immediately before addition; 

synthesis described below) was added for 1 hr. followed by Cy5maleimide (31 μl of a 1 mM 

solution in DMSO, 31 μmol, mixed with 31 μl of water immediately before addition) for a 

further 1 hr. The reaction mixture was passed through a column of Sephadex G-25 (1 g in 

PBS) collecting the first blue-colored band and concentrated with a 30kD MWCO spin-filter 

(Centricon) to ~0.5 mL. Absorbance measurements (in PBS) indicated an average of 4 MC-
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VC-PABCAZD7762 and 1.1 Cy5 were attached to cetuximab using extinction coefficients 

of Cy5 at 650, 310 and 280 nm of 250000, 10750 and 12500 M−1cm−1 respectively, and 

extinction coefficients of MC-VC-PABCAZD7762 at 310 and 280 nm of 15000 and 11100 

M−1cm−1 respectively. Analysis by HILIC and denaturing LC-MS revealed the expected 

mixture of conjugates (Supplemental Fig. 1). Cetuximab conjugated monomethyl auristatin 

E was synthesized as previously described [19].

Synthesis of drug conjugated cell penetrating peptides

General synthetic schema and chemical structures of peptide conjugates used are shown in 

Supplemental Fig. 2 and Supplemental Fig. 3. To attach AZD7762 to the maleimidocaproyl-

valinecitrulline-p-aminobenzyl carbamyl linker (MC-VC-PABC), a solution of AZD7762 

free base (10 mg, 27.5 μmol) in dry DMSO (100 μl) was mixed with a solution of MC-VC-

PABC-PNP (Synchem; 80%, 28 mg, 30.3 μmol in dry DMSO (100 μl) and N-

methylmorpholine (NMM) (3.3 μL, 30.3 μmol) was added. The reaction was complete 

within 15 minutes at room temperature by LC-MS and quenched with acetic acid (5 μl), 

separated by HPLC (acetonitrile (ACN)-water-0.05% trifluoroacetic acid (TFA)) and 

lyophilized to a white powder. Yield was 11.2 μmol of MC-VC-PABC-AZD7762 TFA salt 

(yield 41%). By ES-MS, observed mass 961.2 (M+H+) and calculated for C46H57FN10O10S, 

961.40. Extinction coefficient at 310 nm = 15000 M−1cm−1. To synthesize Cy5 labeled r9-

MC-VC-PABC-AZD7762, H2N-r9-c-CONH2 10·TFA (6.3 mg, 2.4 μmol) dissolved in 200 μl 

of ACN-water-TFA (50:50:0.05%) was reacted with a solution of MC-VC-PABC-AZD7762 

(2.3 mg, 2.4 μmol) in 200 μl of DMSO and 100 μL of 1M Na·MOPS pH 7.2 at room 

temperature. LC-MS revealed the reaction was complete in 15 min, and then was quenched 

with 50 μL acetic acid (HOAc), separated by HPLC and lyophilized to give H2N-r9-c- MC-

VC-PABCAZD7762 as a white powder. ES-MS, fnd 622.7 (M+3H+), 829.8 (M+2H+) 

deconvolved to 2486.5, calculated for C103H173FN48O20S2, 2486.3. H2N-r9-c- MC-VC-

PABC-AZD7762 (4.5 mg, 1.25 μmol as salt with 10·TFA) was dissolved in dry DMSO (200 

μL) and mixed with a solution of Cy5-NHS ester (1.1 mg, 1.5 μmol) and NMM (2 μL, 20 

μmol) were added. After 1 week at room temperature, the product was isolated by HPLC 

and lyophilized to a blue powder. By ES-MS, observed mass 782.4 (M++3H+), 1042.7 (M+

+2H+), 1563.7 (M++H+) deconvolved to 3125.3, calculated for C136H212FN50O27S4
+, 

3124.6. To synthesize cRGD-L-ACPP-AZD7762, H2N-peg8-e9-oPLGC(Me)AG-r9-c-

CONH2 was made using regular solid phase Fmoc peptide synthesis, where lower case 

letters refers to D-amino acids, peg8 refers to H2N-PEG8-propionic acid (Quanta 

BioDesign), o-denotes for 5-amino-3-oxopentanoyl a short hydrophilic spacer, C(Me) 

denotes for S-methylcysteine and the final CONH2 indicates C-terminal amide. The peptide 

was isolated from the resin by treating it with mixtures containing 92% TFA, 2% 

thioanisole, 2% water, 2% ethanedithiol and 2% triisopropylsilane (TIPS) for 4 hrs. under 

N2 atmosphere and filtered. This filtrate was concentrated and then precipitated by addition 

of ice cold 50% hexanes in ethyl acetate mixture. The precipitate was collected by 

centrifugation and dried under vacuum. The crude peptide was dissolved in DMSO and 

purified by high performance liquid chromatography (HPLC) using 5–55% acetonitrile in 

water and 0.05% TFA over a period of 25 minutes at 15 mL per min flow rate. The purified 

product was dried using lyophilization. By ES-MS, observed mass of 621.4 (M++6H+), 

745.8 (M++5H+), 932.0 (M++4H+), 1242.4 (M++3H+), deconvolved to 3724.9 (M++H+), 
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calculated for C147H259N55O54S2, 3723.87. H2N-peg8-e9-oPLGC(Me)AG-r9-c-CONH2 

(10·TFA salt, 73 mg, 15 μmol) dissolved in dry DMSO (100 μL) was reacted with crude 

MC-VC-PABC-AZD7762 (prepared from AZD7762 free base (5 mg, 13.8 μmol) in dry 

DMSO (50 μl) reacted with a solution of MC-VC-PABC-PNP (Synchem; 80%, 14 mg, 15.1 

μmol in dry DMSO (50 μl) and NMM (1.5 μL, 15 μmol) for 30 min). NMM (10 μL, 100 

μmol) was added and LC-MS indicated complete reaction after 30 minutes to give a single 

product that was used without further purification. ES-MS observed mass of 782.1 (M++6H
+), 938.2 (M++5H+), 1172.5 (M++4H+), 1562.9 (M++3H+), deconvolved to 4687.0 (M++H
+), calculated for C193H316FN65O64S3, 4687. Cyclo(RGDfC) (Peptides International; 8.7 

mg, 15 μmol) dissolved in dry DMSO(50 μL) was mixed with a solution of 6-

maleimidocaproic acid (2-nitro-4sulfo)phenyl ester (Bachem; 5.9 mg, 13.5 μmol) in dry 

DMSO (50 μL) and NMM (3.3 μL, 30 μmol). LC-MS indicated complete reaction after 30 

minutes to yield the adduct, ES-MS observed 991.4 (M++H+), calculated for 

C40H50N10O16S2, 991.28. This crude product was added to the reaction mix of H2N-peg8e9-

oPLGC(Me)AG-r9-c-(MC-VC-PABC-AZD7762)-CONH2 prepared above and kept at room 

temperature until complete by LC-MS (1–2 weeks), and then was quenched with HOAc (50 

μL), separated by HPLC and lyophilized to give cyclo(RGD)fc-MC-HN-peg8-e9-

oPLGC(Me)AG-r9-c-(MC-VCPABC-AZD7762)-CONH2 = cRGD-L-ACPP-AZD7762, a 

white powder with a yield of 32.9 mg (34%). By ES-MS observed mass 780.81 (M++7H+), 

910.7 (M++6H+), 1092.6 (M++5H+), 1365.4 (M++4H+), deconvolved to 5458.8 (M++H+), 

calculated for C227H361FN74O74S4, 5459.07. To synthesize cRAD-DACPP-AZD7762, it 

was prepared as above for cRGD-L-ACPP-AZD7762 but using H2N-peg8-e9oplGc(Me)aG-

r9-c-CONH2 and cyclo(RADfC) to give the product as a white powder and yield of 63%. By 

ES-MS observed mass 912.8 (M++6H+), 1095.2 (M++5H+), 1368.7 (M++4H+), 1824.5 (M+

+3H+), deconvolved to 5471.6 (M++H+), calculated for C228H363FN74O74S4, 5473.03.

Alamar Blue assay

Cells were plated in 96 well plates and exposed to a concentration range of AZD7762, 

cisplatin, 5fluorouroacil (5-FU), cetuximab, cetuximab conjugated AZD7762, r9 alone or r9 

conjugated to AZD7762 (r9-AZD7762) for 72 hrs. Alamar Blue was added to the cells and 

allowed to incubate for 2–4 hrs. at 37°C. Plates were analyzed using a plate reader with 

fluorescence measured at 560 nm. Fractional survival was normalized to untreated control 

cell fluorescent values. Drug IC50 was calculated using Prism software (GraphPad, La Jolla, 

CA).

In vitro Cy5 fluorescence imaging

Attached cells were exposed to 2 nM Cy5 labeled cetuximab-AZD7762 or 100 nM Cy5 

labeled r9AZ7762 for 1 hr. in media containing 1% serum. Cells were then washed with 

PBS, fixed in 4% paraformaldehyde and stained with DAPI. Cells were imaged for Cy5 and 

DAPI signal using Nikon A1R confocal or Keyence BZX-710 fluorescence microscopes.

Clonogenic assay

Cells were treated with AZD7762, r9 alone or r9-AZD7762 conjugate for 1 hr. and then 

irradiated with 2 Gy. Cells were counted, re-plated at varying cell numbers in drug free 

media. After 10–14 days, cells were methanol fixed, stained with crystal violet and colonies 

Hingorani et al. Page 12

Biomaterials. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with at least 50 cells counted as viable. Surviving fraction at 2 Gy (SF2) was calculated as 

the number of colonies formed after 2 Gy divided by the number of colonies formed in non-

irradiated groups for each drug condition.

Gelatin zymography assays

All animal work was done in compliance with the University of California San Diego 

Institutional Animal Care and Use Committee. 6–8 week old female athymic nu/nu mice 

(University of California San Diego Animal Care Program) were injected subcutaneously 

with 5 million CAL27 or PANC1 cells in 100 μl of 1:1 Matrigel (BD) and PBS solution. 

When tumors were palpable, tumor and peri-tumoral muscle were harvested and frozen in 

liquid nitrogen. For patient derived tissues, de-identified fresh frozen patient tumor samples 

(UCSD Moores Cancer Center Biorepository) were thawed on ice, cut into smaller pieces 

and placed in cold NP-40 lysis buffer containing both phosphatase and protease inhibitors. 

Samples were homogenized by passing through a syringe, centrifuged at 16,000g for 10min 

at 4°C, supernatants collected and protein concentration measured. 2x Tris Glycine SDS 

Sample Buffer was added to the samples and equivalent amounts of total protein loaded onto 

10% zymogram gelatin gels (ThermoFisher). Gels were developed using Novex zymogram 

renaturing and developing buffers (10X) and stained with SimplyBlue Safestain 

(ThermoFisher). Purified MMP-2 and MMP-9 controls were loaded and run to identify 

locations of gelatinase activity.

Drug delivery vehicle distribution and blood clearance

Mice with established subcutaneous CAL27 tumors were anesthetized with isoflurane and 

intravenously injected through the tail vein with Cy5 labeled drug delivery peptides: 10 

nanomoles r9, 10 nanomoles ACPP or 5 nanomoles cetuximab. For in situ detection of Cy5 

signal, mice were imaged at indicated time points in the Results using a Maestro Small 

Animal Imager (CRI) with excitation filter of 620/22 nm and 685/40 nm pass emission filter 

with dichroic filter tuned to 670 nm and 150 ms exposure time. Tissue were then harvested 

at indicated time points, sectioned and stained with DAPI or H&E. H&E staining was used 

to demarcate tumor and adjacent normal muscle tissue. Cy5 fluorescence images were taken 

using the 640 nm laser line on a Nikon A1 confocal microscope with 20X/0.75 objective 

(tail) and 4X/0.20 objective (tumor and peri-tumoral muscle tissues). For blood clearance 

studies, the tail was pricked at indicated time points after injection, and a small volume (5–

10μL) of blood was collected in a heparinized hematocrit tube. Fluorescent images were 

taken using the Maestro with filters mentioned above with 200 ms exposure time, and 

integrated fluorescent intensity quantitated using Image J software.

MMP and perineural invasions association in cancer patients

Level 3 normalized mRNA expression read counts for tumor samples from 500 head and 

neck squamous cell cancer patients and corresponding patient clinical data were downloaded 

on 14 July 2017 from The Cancer Genome Atlas (TCGA) (https://tcga-data.nci.nih.gov/

tcga). 350 HNSCC patients had documented perineural invasion status, for which “Yes” was 

recorded if perineural invasion is present and “No” was recorded if it is absent. MMP-2 and 

MMP-9 gene expressions were correlated with perineural invasion status using the Kruskal-
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Wallis test (p<0.05). To improve readability of the boxplot representations, 3 outliers were 

removed from the plot of MMP-2 expression vs. perineural invasion status, and 14 from the 

plot of MMP-9 expression vs. perineural invasion status, using the quartile method for data 

selection [48]. Expression values were removed if they lie above or below 3 times the 

interquartile range (IQR) from the median, which are considered extreme outliers. Moderate 

outliers, which lie above or below 1.5 times the IQR, were retained and plotted as dots above 

or below the plot whiskers.

In vitro cleavage of activatable cell penetrating peptides

Ratiometric ACPP were synthesized by attaching Cy5 to the polycationic cell penetrating 

peptide and Cy7 to the polyanionic peptide domains of ACPP as above [37]. A 1 ml solution 

of ratiometric ACPP (2.5 μM) or ACPP-AZD7762 conjugate (1 μM) was prepared in MMP 

buffer pH 7.4 (50mM Tris, 50mM NaCl, 10mM CaCl2, 10% glycerol). 0.5 μg of human 

recombinant MMP-9 (CalBioChem) was added. Samples were collected at time points 

indicated in Results and the reaction quenched with 1μl acetic acid. Samples were analyzed 

by LC-MS (95:5 Water+0.05% TFA: ACN +0.05% TFA to 50:50 Water+0.05% TFA: ACN 

+0.05% TFA) using Luna-2 C18 column.

Optical imaging of fluorescently labeled ratiometric ACPP

GFP expressing CAL27 tumor cells were subcutaneously implanted into athymic nude mice. 

After tumors developed, mice were anesthetized (1:1 mixture of 100 mg/ml of ketamine and 

5 mg/ml of midazolam) and intravenously injected through the tail vein with Cy5 and Cy7 

fluorescently labeled ratiometric ACPP containing a non-cleavable PEG linker or MMP-2/9 

sensitive PLGC(Me)AG linker. For is situ detection, mice were imaged at 2 hrs. using a 

Maestro Small Animal Imager (CRI) with excitation filter of 620/22 nm and 645 nm long 

pass emission filter with dichroic filter tuned to 670 nm. For orthotopic murine tumors, 

1×106 CAL27 tumor cells were submucosally implanted in the tongue of athymic nude 

mice. After tumors were palpable, 10 nmoles of ratiometric ACPP was intravenously 

injected in 100 μl of sterile water by tail vein injection. Tongues were imaged in situ and 

then harvested and imaged for Cy5 and Cy7 fluorescence. Tongues were longitudinally 

sectioned, stained for H&E, cytokeratin 5 (CK5) or β3 integrin (β3). Sectioned tissue was 

also directly imaged for Cy5 and Cy7 fluorescence. For frozen patient tumor biopsy 

specimens, tissues were snap frozen in OCT, 10 μm sections cut using a Lyca CM1950 

cryostat and sections mounted on Trubond360 microscope slides (TruScientific). 

Immediately after cutting, tumor sections were incubated with 10 μM ratiometric ACPP in 

0.5xHBSS (Gibco) for 30 minutes at 37°C. Slides were then imaged on a Nikon A1 laser 

confocal microscope using a 20X/0.75 Apo dipping objective with an excitation of 640 nm 

and collecting images at emission wavelengths of 685/50nm and 785/62 for Cy5 and Cy7 

respectively. Image processing was done using Nikon NIS Elements software version 4.50 

and Cy5:Cy7 ratiometric images generated using a custom image processing software.

In vivo tumor xenograft response experiments

CAL27 and PANC1 tumor xenografts were established and tumor growth measured using 

digital calipers. Tumor volumes was calculated using the formula as ½ * length * width2. 
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Mice were randomly assigned to indicated groups in Results. Free AZD7762, r9-AZD7762 

or ACPP-AZD7762 were i.v. injected in 50 μl. For irradiated mice, the tumor bearing 

hindlimbs were focally irradiated while the remainder of the mouse was shielded from IR 

with custom designed lead blocking > 95% of the dose as verified by dosimeters placed on 

the mouse. Drug doses and IR fractionation are indicated in Results. To minimize morbidity, 

mice were sacrificed if tumor length exceeded 15 mm per protocol. To minimize the number 

of mice used, tumors were grown in bilateral flanks. For CAL27 tumor xenograft experiment 

in Figure 6C, the average tumor volume per group was > 130 mm3 and the number of mice 

and tumors per group were: Control (5 mice, 9 tumors), IR (5 mice, 10 tumors), AZD7762 

(5 mice, 10 tumors), AZD7762 + IR (5 mice, 10 tumors), r9-AZD7762 (3 mice, 6 tumors), 

r9-AZD7762 + IR (3 mice, 6 tumors), ACPP-AZD7762 (5 mice, 10 tumors), ACPP-

AZD7762 + IR (5 mice, 10 tumors). For PANC1 tumor xenograft experiment in Figure 6F, 

the average tumor volume per group was > 140 mm3 and the number of mice and tumors per 

group were: Control (5 mice, 10 tumors), IR (5 mice, 10 tumors), dACPP-AZD7762 (5 

mice, 10 tumors), d-ACPP-AZD7762 + IR (4 mice, 8 tumors), ACPP-AZD7762 (5 mice, 10 

tumors), ACPP-AZD7762 + IR (5 mice, 10 tumors). For CAL27 tumor xenograft 

experiment in Figure 6G, the average tumor volume per group was > 110 mm3 and the 

number of mice and tumors per group were: Control (5 mice, 10 tumors), IR (5 mice, 10 

tumors), ACPP-AZD7762 (5 mice, 10 tumors), ACPP-AZD7762 + IR (5 mice, 10 tumors).

Tissue drug concentration

CAL27 tumor bearing mice were tail vein injected with ACPP-AZD7762 and tissues 

harvested at time points indicated in Results. Blood, tumor or peri-tumoral muscle were 

excised, weighed and homogenized in 10-volumes of PBS with a point sonicator (Fisher 

Scientific) using an amplitude range of 5% to 15% for a maximum of 20 seconds while on 

ice. Tissue homogenates were centrifuged (14g, 10min), supernatants collected and diluted 

two-fold by addition of 2% acetic acid in acetonitrile, and recentrifuged (14g, 10min). 

AZD7762 concentration was determined by LC-MS/MS with Luna-2 C18 column and 

Agilent Trap XCT mass spectrometer. To determine AZD7762 tissue concentrations, ion 

currents for m/z 346.1 and 320.14 were extracted from fragmented m/z 363.0 and m/z 368.0 

and 342.1 were extracted from fragmented m/z 385.0. The ion currents were integrated and 

combined to improve sensitivity. The total ion current was fit to a standard curve generated 

to determine tissue drug concentration.

Statistical analysis

Unpaired 2-sided t tests or ANOVA with multiple comparisons were performed for 

experiments in cell culture. For murine tumor regression studies, 1-way ANOVA analysis 

(Fig. 6C) or 2way ANOVA analysis with Tukey’s multiple comparison group (Fig. 6F) were 

performed. Survival curves (Fig. 6G) were analyzed by Log-rank testing. All statistical 

analyses were done using Prism software (GraphPad, La Jolla, CA). Statistical analysis for 

tumor xenograft data are presented in Supplemental Table 1 and Supplemental Table 2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cell penetrating peptide (CPP) drug conjugates radiosensitize.

• Activatable cell penetrating peptide (ACPP) engineered scaffolding cloaks 

CPPs.

• Tumor overexpressed extracellular proteases cleave ACPPs and guide CPP 

delivery.

• ACPP scaffolds increase tumor targeting and decreases normal tissue 

accumulation.

• Radiosensitizers conjugated to ACPP given with radiotherapy increase tumor 

control.
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Figure 1: Peptide linker conjugation of AZD7762.
(A) Structure of DNA damage checkpoint kinase inhibitor AZD7762. (B) IC50 of AZD7762 

compared to cisplatin and 5-fluorouracil (5-FU). CAL27, A549, PANC1 and HCT116 cells 

exposed to a dose range of drug. Cell survival measured by Alamar Blue assay and IC50 

calculated. Data plotted as mean IC50 ± SD. (C) Schema for synthesizing antibody and cell 

penetrating peptide conjugates of AZD7762 through a maleimidocaproyl-valine-citrulline-

paminobenzyl carbamyl linker (MC-VC-PABC). Antibody drug conjugate synthesized with 

four MC-VCPABC linked drug molecules per antibody. Polycationic cell penetrating peptide 
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drug conjugate synthesized by attaching one MC-VC-PABC linked drug molecule to a nine 

D-arginine polypeptide repeat. Drug carriers were Cy5 labeled. (D) Cetuximab-AZD7762 

conjugate binding to cancer cells. EGFR expressing (CAL27) and EGFR negative (LN229) 

tumor cells exposed to 2 nM CetuximabAZD7762, fixed and imaged for Cy5 fluorescence 

(red). Nuclei DAPI stained (blue). White scale bar, 10 μM. (E) AZD7762 cell penetrating 

peptide drug conjugates uptake across tumor histologies. Tumor cells exposed to 100 nM r9-

AZD7762. Cells fixed and imaged for Cy5 fluorescence (red). Nuclei DAPI stained (blue). 

White scale bar, 10 μM.
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Figure 2: Cytotoxicity and radiosensitization of AZD7762 conjugates.
(A) CAL27 cells exposed to a dose range of cetuximab, free drug (AZD7762 or monomethyl 

auristatin E (MMAE)) or antibody drug conjugates for 72 hrs. Cell viability measured by 

Alamar Blue assay, normalized to control untreated cells and plotted as mean fractional 

survival ± SD. (B) Tumor cells exposed to a dose range of free AZD7762, r9 peptide alone 

or r9-drug conjugate for 72 hrs. Cell viability measured by Alamar Blue assay, normalized 

to control untreated cells and plotted as mean fractional survival ± SD. (C) Clonogenic cell 

survival of tumor cells treated with 50 nM of drug, free peptide or r9 drug conjugate for 1 hr. 
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and then irradiated with 2 Gy. Cell viability normalized to non-irradiated cells for each drug 

condition and plotted as mean fractional survival after 2 Gy ± SEM. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001.
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Figure 3: Fluorescent labeled antibody and cell penetrating peptide distribution in vivo.
(A) Structural representation of Cy5 labeled cetuximab antibody, polycationic r9 cell 

penetrating peptide (CPP) or activatable cell penetrating peptide (ACPP). ACPP has 

polycationic cell penetrating and polyanionic peptides separated by a MMP-2/9 cleavable 

PLGC(Me)AG peptide linker. (B) MMP-2/9 gelatinase activity of tissue from athymic nude 

mice with subcutaneous CAL27 human tumor xenografts. Gelatin zymography of excised 

tumor tissue and adjacent muscle tissue. MMP-2 and MMP-9 standard activities indicated 

by left side markers. (C) Mice with subcutaneous CAL27 tumors tail vein injected with Cy5 
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labeled cetuximab, r9 or ACPP. Mice serially imaged for Cy5 fluorescence (white signal) 

post injection. White light images of mice show tumor locations in bilateral thighs (yellow 

circles).
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Figure 4: ACPP cloaked cell penetrating peptide tissue localization.
Mice with subcutaneous CAL27 tumors tail vein injected with 10 nanomoles Cy5 labeled r9 

or ACPP. (A) Mice serially imaged for Cy5 fluorescence (white signal) post injection. At 90 

minutes, tails harvested, sectioned, DAPI stained (blue) and imaged for Cy5 (red), blue 

arrows. Red arrows show location of bilateral thigh tumors. (B) Cy5 signal quantitated in tail 

sections and plotted as mean ± SEM. (C) Tissue containing both subcutaneous tumor and 

underlying normal muscle harvested 90 minutes after Cy5 labeled r9 or ACPP peptide tail 

vein injected. Tumor tissue (enclosed within circles) and normal muscle delineated by H&E 
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staining. Tissue sections DAPI stained (blue), direct Cy5 peptide signal captured (red). (D) 

Cy5 signal quantitated in tumor and adjacent muscle. Data plotted as mean Cy5 signal ratio 

in tumor to muscle ± SEM. *P<0.05.
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Figure 5: Tumor specific cleavage of ACPP in situ.
(A) Gelatin zymography assay of patient tumor samples from histologies routinely treated 

with concurrent chemotherapy and radiotherapy. For each histology, 4 unique de-identified 

patient samples were tested. MMP-2 and MMP-9 standard activities in far right lanes. (B) 

Correlation of MMP-2 and MMP-9 expression with perineural tumor invasion in patient 

tumor tissue. Level 3 normalized mRNA expression read counts for tumor samples from 500 

head and neck squamous cell cancer patients analyzed from The Cancer Genome Atlas 

(TCGA). (C) Structural representation of ratiometric activatable cell penetrating peptide 
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(RACPP) probe with intervening MMP-2/9 protease sensitive amino acid sequence. Cy5 

attached to the polycationic cell penetrating peptide and Cy7 to the polyanionic peptide ends 

of ACPP. (D) MMP cleavage of RACPP. RACPP incubated with human recombinant 

MMP-9. At time points an aliquot was analyzed by LC-MS for Cy5 signal on intact RACPP 

remaining. Data normalized to RACPP Cy5 signal prior to MMP-9 addition (time 0) and 

plotted as mean ± SD. (E) Mice with subcutaneous GFP expressing CAL27 tumors tail vein 

injected with 10 nanomoles ratiometric ACPP containing a non-cleavable polyethylene 

glycol linker (PEG) or MMP-2/9 cleavable linker (PLGC(Me)AG). In situ mouse imaging 

for GFP, Cy5 and Cy7 direct fluorescence with Cy5:Cy7 emission ratio determined 

(pseudocolor scale bar far right). (F) Orthotopic CAL27 tumor established in a mouse 

tongue and 10 nanomoles ratiometric ACPP i.v. injected. Whole tongue excised 90 minutes 

later and imaged under white light and for Cy5 and Cy7 fluorescence with Cy5:Cy7 

emission ratio determined (pseudocolor scale bar far right). (G) Tumor biopsy specimens 

from a patient with poorly differentiated squamous cell head and neck cancer incubated with 

10 μM ratiometric ACPP containing a PEG or PLGC(Me)AG linker. Cy5 and Cy7 

fluorescence captured and Cy5:Cy7 emission ratio determined (pseudocolor scale bar far 

right). *P<0.05, ***P<0.001.
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Figure 6: Radiotherapy and ACPP conjugated AZD7762 improves tumor control.
(A) Structural representation of AZD7762 conjugated to ACPP. (B) MMP cleavage of 

ACPP-AZD7762. ACPP-AZD7762 was incubated with human recombinant MMP-9. At 

time points an aliquot was analyzed by LC-MS for intact ACPP-AZD7762 remaining. Data 

normalized to ACPP-AZD7762 signal prior to MMP-9 addition (time 0) and plotted as mean 

± SD. (C) Mice bearing CAL27 tumors i.v. injected with vehicle (control) or 60 nanomoles 

AZD7762 on day 0. AZD7762 tested as a free drug or peptide conjugate to r9 cell 

penetrating peptide and ACPP. Four Gy of IR was focally delivered to tumor bearing 
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hindlimbs on days 0 and 1. Tumors volumes on day 14 plotted as mean tumor volume ± 

SEM. Statistical significances calculated using one-way ANOVA. (D) Kinetics of ACPP 

blood clearance. Mice with CAL27 tumors i.v. injected with water (control) or 10 nanomoles 

Cy5 labeled ACPP. Blood collected at indicated time points, Cy5 signal measured and data 

plotted as mean ± SEM. (E) Temporal biodistribution of AZD7762 ACPP conjugate in 

tumor bearing mice. Mice with CAL27 tumors i.v. injected with 100 nanomoles of ACPP-

AZD7762. Tissues and blood harvested at indicated times and AZD7762 drug concentration 

quantitated by LC-MS/MS. Data plotted as mean ± SEM. (F) Necessity of ACPP cleavage 

for anti-tumor efficacy of conjugated radiosensitizer. Mice with PANC1 tumor xenografts 

injected with 100 nmoles of cleavable or non-cleavable ACPP conjugates of AZD7762 on 

day 0 and 3. d-ACPP-AZD7762 synthesized with L-amino acid ACPP peptide linker 

replaced by biologically inert D-amino acids and cRGD replaced by cRAD. For IR, 3 Gy 

given to tumors on days 0,1, 3, 4 and 5. Tumors measured twice a week and plotted as mean 

tumor volume ± SEM. Statistical significances calculated using two-way ANOVA with 

Tukey’s multiple comparisons test. (G) Mice with CAL27 tumors i.v. injected with 200 

nanomoles of ACPP conjugated to AZD7762 on day 0, 1 and 2. For IR, 3 Gy focally given 

to tumors on days 0, 1 and 2. Mouse survival plotted and statistical significances calculated 

using Log-rank (Mantel-Cox) test. **P<0.01, ***P<0.001.
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