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SUMMARY

Alkaline phosphatases (ALP) contribute to immunosuppression in solid tumors, but they,
unfortunately, are “undruggable”. Here we report enzyme-instructed assembly of peptides for
selectively inhibiting the tumors that overexpress ALP. We developed a precursor with two parts;
an amphiphilic, self-assembling peptides joined to a hydrophilic block (i.e., tyrosine phosphate).
ALP, overexpressed on and in osteosarcoma cancer cells (e.g., Saos-2), cleaves the phosphates
from the tyrosine residue of the precursor and triggers the self-assembly of the resulting peptides.
Being selectively formed on and inside the cancer cells, the peptide assemblies induce the cancer
cell death and efficiently inhibit the tumor growth in an orthotopic osteosarcoma mice model
without harming normal organs. Accordingly, the peptide assemblies significantly improve the
survival ratio of metastatic tumor bearing mice. Without relying on inhibiting ALP, this approach
integrates enzyme reaction and molecular self-assembly for generating peptide fibrils as potential
anticancer therapeutics.

INTRODUCTION

Despite the significant advances cancer immunotherapy based on checkpoint blockade,!
immunosuppressive adenosine? in tumor microenvironment is a major cause for the patients
unresponsiveness to the treatment.® Among the mechanisms for generating extracellular
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adenosine to suppress anticancer immunity, alkaline phosphatase (ALP)*5, as an enzymes
overexpressed at stem cells’ and certain cancer cells,® rapidly converts ATP to adenosine
(Fig. 1). A conventional strategy to address this problem would be inhibiting ALP activity.
ALP, however, is regarded as “undruggable”, though it was identified as a cancer marker
over half-century ago.% 10 It remains a challenge for developing suitable inhibitors'! for
ALP without causing harmful side effects because ALP ubiquitously presents in all tissues
(especially at liver, bone, intestine, and placenta) and plays a critical role in embryogenesis,
bone metabolism, and neuron functions.11- 12 Thus, it would be beneficial to develop an out-
of-box approach that kills the ALP-overexpressing cancer cells selectively without relying
on ALP inhibition.

Enzyme-instructed assemblyl3 of peptides turns out to be effective for killing ALP-
overexpressing cancer cells.14-17 Bypassing the need of inhibiting ALP, this approach
integrates ALP-catalyzed dephosphorylation and self-assembly for generating the fibrils of
small molecules (e.g., ultrashort peptides, hexoses, or cholesterols) as the anticancer
therapeutics. For example, a precursor has two parts; an amphiphilic, self-assembling
peptides joined to a tyrosine phosphate, which renders the precursor water soluble. ALP
overexpressed on cancer cells cleaves the phosphate and triggers the self-assembly of the
peptides. Being selectively formed on and inside the cancer cells (Fig. 1), the peptides
assemblies induce the cancer cell death by activating extrinsic cell death receptors8 and/or
generating intracellular cell stresses.1# 17 19 Besides being applied for imaging the activity
of ALP on cell surface,2° this approach has been applied to selectively kill undifferentiated
iPS cells in a cell mixture without harming the muscle cells that are differentiated from the
iPS cells for a successful transplantation in a murine model.2

Despite the demonstration of ALP-instructed peptide assemblies for selectively inhibiting
cancer cells in cell assays, there is, however, a major obstacle for applying this approach in
vivo, which is the liver toxicity because the ALP expressed in liver tissue?2 would also
generate the peptide assemblies. Recently, we have overcome this drawback by developing a
precursor that is the substrate of ALP as well as that of carboxylesterase (CES). Being
expressed in mammalian liver tissue,23: 24 CES accelerates the disassembly of the peptide
assemblies for detoxifying in liver cells.2> This advance confers excellent selectivity to the
precursor for killing cancer cells over hepatocytes,® thus allowing in vivo evaluation of the
antitumor efficacy of ALP-instructed assembly of peptides.

To investigate in vivo tumor inhibition by ALP-instructed assembly of peptides, we chose an
orthotopic murine model of human metastatic osteosarcoma.?8 Metastatic osteosarcoma
expresses relatively low level of PD-L1%7, but very high level of ALP,28 which leads to little
improvement in patient survival and regression of osteosarcoma lung metastasis after
immunotherapy.2’ In addition, the ALP overexpression in osteosarcoma warrants fast
dephosphorylation for selective tumor targeting and high anticancer efficacy. We evaluated
the precursors using the murine model. Our results validate that ALP instructs the assembly
of peptides for effectively inhibiting osteosarcoma tumor in vivo. Specifically, ALP
catalytically dephosphorylates the precursors to generate the assemblies of the peptides.
Such a multistep molecular process!® efficiently inhibits the tumor growth in an orthotopic
osteosarcoma mice model without damaging normal tissues, and significantly improve the
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survival ratio of metastatic tumor bearing mice. Validating the in vivo anticancer efficacy of
enzyme-instructed assembly of peptides for the first time, this work illustrates a
fundamentally new way based on kinetics (i.e., enzymatic peptide assembling process) for
targeting immunosuppressive cancer cells, and it contributes to use supramolecular for
establishing immune normalization in cancer treatment.

RESULTS AND DISCUSSION

Molecular design and self-assembly

The ALP-instructed assembly, involving Nap-ffyenez (1P) and Nap-ffyepez (1) (Fig. 1),
selectively and effectively inhibits an osteosarcoma /n vitro. We used lower case one-letter
codes to refer to D-amino acids here. Consisting of a self-assembling peptide backbone (2-
(naphthalen-2-yl)acetyl)-D-phenylalanyl-D-phenylalanine (Nap-ff)), a dephosphorylation
site (D-phosphotyrosine (yp)), and an esterase detoxification substrate (dimethyl-D-
glutamate (eme2)), Nap-ffypemez self-assembles to form nanoparticles and/or nanofibrils,
depending on its concentrations.2? For example, at 200 uM, it forms a mixture of amorphous
solid and scanted numbers of nanofibers. Upon ALP-catalyzed dephosphorylation, the Nap-
ffypeme2 becomes Nap-ffyepez, Which forms a network of uniform nanofibers with a
diameter of 12 = 2 nm (Fig. 2A). Such a molecular process is rather general because ALP-
instructed assembly of analogs of 1P/1 also results in similar morphology transition.2?

ALP-instructed assembly in live cells

Saos-2, an osteosarcoma cell line, overexpresses ALP to convert Nap-ffypepez into Nap-
ffyemez, instructing the assemblies of Nap-ffyepeo 0n and inside Saos-2 cells to result in cell
death within half an hour (Fig. 2B). While Nap-ffypeez potently inhibits Saos-2 cells (ICsq
=4 uM), its ICgq on the hepatocyte cells (HepG2) is over two orders of magnitude higher
than the 1Cgy on Saos-2 (Figure 2C). This result is particular important because it indicates
that Nap-ffypenez can selectively inhibit the osteosarcoma cells without harming liver cells.

To directly visualize the cellular distribution of the ALP-instructed peptide assemblies, we
employed NBD-ffypenez (F1P), a fluorescent analogue of Nap-ffypeme,. (Fig 2D) We chose
environment sensitive fluorescent probe NBD because it exhibits enhanced fluorescence
upon the formation of supramolecular assemblies.2% Incubating NBD-ffypemez With Saos-2
cells for 0.5 h results in bright fluorescence in the cytoplasm of Saos-2, together with a few
fluorescent puncta on the cell membrane (Fig. 2E and Video S1). This observation confirms
that ALPs, on and inside the Saos-2 cells, instruct the assembly of the peptides on the
surface and in the cytosol of the cells. Replacing the dimethyl-D-glutamate (epe2) in NBD-
ffypemez With glutamate generates NBD-ffype (F4P). Incubating Saos-2 with NBD-ffype
only generates several intracellular fluorescent puncta. These results suggest that the
methylation of glutamate significantly enhances the uptake of the precursors by the Saos-2
cells.

ALP-instructed assembly inhibits tumor growth

Nap-ffypemez potently inhibits Saos2-luc and Saos2-lung cells, 26 with an 1Cs value of 8.4
and 3.2 UM, respectively (Fig. 3A). This result agrees with the slightly lower expression
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level of ALP on Saso2-luc compared with Saos2-lung cells (Fig. 3B). To establish the
orthotopic mouse model of osteosarcoma, we injected luciferase-labeled Saos-2 cells
(Saos2-luc) and its highly metastatic subtype (Saos2-lung) cells into the bone marrow cavity
of the mouse tibia and started the treatment until tumors had reached 100 mm3 in size.30
After treating the tumor bearing mice with the Nap-ffypenez and saline for four weeks, the
mice were sacrificed and the tumor volumes were measured. Treating with Nap-ffypepez
results in the 8-fold and 25-fold reduction in tumor volume of Saos2-luc and Saos2-lung,
respectively (Fig. 3C, D, S4), indicating that the Nap-ffypene, effectively inhibits the tumor.
To monitor the tumor growth in real-time, bioluminescence of tumor cells was measured at
1, 2, 3 and 4 weeks after the treatment (Fig. 3E). The results further confirms that Nap-
ffypemez efficiently inhibit the tumor growth of osteosarcoma (Fig. 3F), and exhibit higher
efficacy against the metastatic osteosarcoma (Saos2-lung). Moreover, the treatment
significantly prolongs the survival time of the osteosarcoma-bearing nude mice (Fig. 3G),
confirming the benefits of Nap-ffy,epe, treatment.

Evaluation of selectivity and systemic toxicity

After treating with Nap-ffypeneo or saline for 4 weeks, the mice were sacrificed and the
tumor were dissected and stained with haematoxylin and eosin (HE) (Fig. 4A). Compared
with the saline group, majority of the cells in the Nap-ffypeneo treatment group exhibit
nuclear condensation, as well as scattering broken nuclei, indicating that Nap-ffypene
induced tumor apoptosis /n7 vivo. To further validate the tumor apoptosis, we conducted the
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Treating
with Nap-ffypenez, most of cells in tumor tissue exhibit brown (TUNEL positive) indicative
for DNA fragmentation (Fig. 4B), resulting in the 7-fold and 11-fold increase in TUNEL
signals of Saos2-luc and Saos2-lung, respectively (Fig. 4C). To evaluate the systemic
toxicity of Nap-ffypenen, major organs (heart, liver, spleen, kidney, and lung) were prepared
for histological analysis after the treatment. As shown in Fig. 4D and Fig. S6, no observable
difference was noticed between the Nap-ffyepe, treatment group and saline group,
indicating excellent biocompatibility of the peptide assemblies.

Structural Analogs for target validation

To validate the target (ALP) through molecular design,3! we synthesized another two ALP
cleavage precursors Nap-ffy,"R (2P)32 and Npx-ffy,"R (3P, Npx is naproxen)33 and
evaluated their anticancer activities /n vitroand in vivo. The in vitro assay reveals that the
anticancer efficacy of the precursors against osteosarcoma cells follows the order of 1P > 2P
> 3P (Figs. S7 and S8). Compared with 1P, 2P and 3P exhibit reduced selectivity for
targeting osteosarcoma cells over hepatocyte cells (Fig. S8), agreeing with that the esterases
in liver cells are unable to act on them. These results address the importance of ester bonds
in the molecule design of 1P, which not only increases the efficacy of 1P, but also enables
the dissociation of assemblies by esterase in hepatocyte cells to result in minimized
cytotoxicity to hepatocyte cells. Although 2P and 3P also inhibit the tumor growth in the
orthotopic mouse model of osteosarcoma, their inhibitory efficacies follow the same trend of
the /in vitroassay (Figs. S9 and 10). These results, nevertheless, indicate that integrating the
molecular design of small molecule for instructed-assembly with bioinformatics (e.g.,
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overexpression of CES in liver3#) opens a new window for precision medicine and
minimizing the side effect.

In conclusion, this work demonstrates enzyme-instructed supramolecular assemblies of
peptides to target immunosuppressive tumors /7 vivo. Although this work used
osteosarcoma, the principle demonstrated here should be applicable to any other ALP
expressing tumors, like high-grade serous ovarian cancer OVSAHO.2° Since aggregation of
small molecules is a general phenomenon3, this work, which relies on assemblies of small
molecules, may lead a way to resurrect drug candidates discarded due to aggregations
because the formation of in-situ assemblies in tumor could reduce the diffusion and enhance
the tumor retention. Moreover, a major obstacle in anticancer nanomedicine is liver
accumulation, which currently is circumvented by using cells to carry the nanoparticles.36
The approach in this work allows precursors to be soluble monomers before they reach
tumor and form nanofibrils in-situ at the tumor, thus would minimize the liver accumulation.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Instructed assembly of D-peptides

Schematic representation of ALP-instructed assembly for inhibiting metastatic osteosarcoma
within an immunosuppressive tumor microenvironment in an orthotopic mice model and
molecular structures of the precursor (1P) and hydrogelator (1).
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ALP-instructed assembly of peptides in cell-free conditions and in live cells. (A)
Transmission electron microscope (TEM) images of nanostructures formed before and after
adding ALP (2 U/mL) to the solution of 1P (200 uM). (B) Cell viability of Saos-2 cells
treated with 1P for 0.5 h. (C) ICsq values of 1P (24 h, 48 h, 72 h) against Saos-2 or HepG2
cells. (D) Molecular structures of NBD-ffypeme, and NBD-ffye. (E) CLSM images of
Saos-2 cells treated with NBD-ffypepe, or NBD-ffye (200 pM) for 0.5 h. Scale bars, 10 pm.
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Time Days)

ALP-instructed assembly of peptides inhibits the tumor growth in an orthotopic
osteosarcoma mice model. (A) ICsq values of 1P against Saos2-luc and Saos2-lung cells. (B)
ALP activities on Saso2-luc and Saos2-lung cells. (C and D) Tumor volume of orthotopic
osteosarcoma model established by Saos2-luc and Saos2-lung cells after tail intravenous
injection of compound 1P or saline for 4 weeks. (E) Images of osteosarcoma tumor growth
using in vivo imaging system (IVIS) for orthotopic osteosarcoma model established by
Saos2-luc and Saos2-lung cells at week 1-4 after 1P or saline treatment. (F) Quantification
of luciferase intensity. (G) Kaplan-Meier survival curves for orthotopic osteosarcoma nude
mice (n = 5) treated with 1P. Data are presented as mean + standard deviation (S.D.). NS,

not significant, ***P<0.001.
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Figure 4.
ALP-instructed assembly of peptides induces tumor apoptosis without harming normal

tissues. (A and B) Representative images of (A) HE staining and (B) TUNEL staining of the
dissected tumors from nude mice treated with 1P or saline for 4 weeks. Scale bar, 50 pm. (C)
Quantification of TUNEL signals in (B). (D) Images of HE staining of major organs (heart,
liver, spleen, kidney, and lung) harvested after treating the osteosarcoma-bearing nude mice,
established by Saos2-lung cells, with 1P or saline for 4 weeks. Scale bar, 50 um.
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