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Research Program 
(a)  Scientific Bbackground  	Comment by Editor: On the whole this section is well constructed. However, given that HABNs are more novel and a larger focus of the proposed work, I would suggest giving a bit more background on their construction (with specific examples/maybe a schematic diagram) and fewer specific examples of the advantages of immune receptor blockade, since that is better established
Most cancer deaths relate are the result of metastasisto the occurrence of metastases, the spread of tumor cells from the primary site to distant secondary organs. Tumor cells can disseminate very early during tumor progression, and dissemination may already occur by the time the primary tumor is detected [1]. Indeed, approximately 15–25% of colorectal cancer (CRC) patients will have distant liver metastases at the time of the first scan or at primary tumor resection [2], and around 50-70% of patients ultimately develop liver metastases [3-5]. Treatment options for CRC liver metastasis (CRLM) are scarce, and while surgery remains the gold standard, many patients have unresectable metastases , or need require additional therapies for treatment with curative intent a curative-intend treatment [6]. Currently, patients with initially unresectable CRLM receive hepatic arterial infusion chemotherapy in combination with systemic chemotherapy. In these patients, treatment of neoadjuvant chemotherapy, with or without drugs that target epithelial and vascular endothelial growth factor pathways, such as cetuximab and bevacizumab, may reduce tumor burden, which providesthereby providing an opportunity for resection [7]. YetD, despite the improvedimproving  survival, these treatments will not cure the disease, and patients still suffer from drawbacks such as high toxicity, limited accumulation at target sites, and a long course of treatment [8]. The use of targeted therapies (cCetuximab, bBevacizumab) and immunotherapies directed against specific features of the tumor is often limited by the large variety of mutation profiles of exhibited by CRC patients, many of them conferring resistance to specific treatments, leaving  such that only a small subset of patients to benefit from them [9, 10]. 
We recently developed a targeted strategy to treat established CRLM, using an endothelial cell-targeted drug delivery system based on N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer (Polymer-E-selectin binding peptide-Doxorubicin conjugate, P-Esbp-Dox) that binds the cell adhesion molecule (CAM) E-selectin with high affinity and specificity. E-selectin is expressed exclusively on activated endothelial cells (ECs) and has been detected during metastatic colonization of the liver [11, 12].  By injecting CRC cells (CT26-luc) into the spleen of mice, we attained achieved high metastatic colonization in livers, which regressed upon following a single treatment with P-Esbp-Dox (i.v. injection on day 4 after post tumor cells inoculation), eventually ultimately prolonging the survival of mice, and leading to a complete remission in ~50% of treated mice without exerting adverse effects (Fig. 1, [13]). In control mice , treated withadministered conventional dDoxorubicin (DOX), treatment was not only ineffective but challenged mice in addition to disease progress. Although the above-mentioned targeted therapies can remove or control metastatic tumors, recurrence remains the a major challenge for successful disease management of the disease.	Comment by Editor: It is not clear what you mean by this – do you mean it caused toxicity?
Figure 1 Treatment of CT26 liver metastases with P-Esbp-Dox.: A Experimental timeline of CT26-GFP/Luc metastasis establishment, monitoring and survival of mice bearing CT26 colorectal cancer liver metastasis after single injection treatment with polymer-drug-conjugates. B In vivo images of luminescent CT26-GFP/Luc metastases. On day 14 of the experiment, 10 days after treatment administration, the mice treated with either P-Esbp-Dox or P-Dox experienced the whole-body a remission of metastatic growth in the whole body. While the effect was still detectable in the P-Esbp-Dox treatment group on day 21, the mice treated with P-Dox showed relapsed metastases. C Survival of mice after cancer c ell inoculation and single treatment, arrow indicates treatment day, *p<0.05, **p<0.01 [13]

The unique features of the liver microenvironment take part in many stepsare important for many steps of the metastatic cascade, from pre-metastatic niche (PMN) formation and tumor cell colonization to metastatic tumor establishment [8, 14]. These features thus  and hence offer opportunities for the specific targeting and disruption of the metastatic process. Hepatocyte-secreted cytokines and chemokines drive PMN formation for CRC metastasis. The liver-resident cells including Kupffer cells (KCs) and hepatic stellate cells (HSCs) secrete multiple factors to recruit myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs), to establisthereby establishingh an immunosuppressive liver microenvironment, suitable for CRC cell colonization and outgrowth. Circulating CRC cells also trigger KCs to produce pro-inflammatory cytokines including (tumor necrosis factor α (TNF-α), Interleukin 1β (IL-1β), and IL-6), that stimulate liver sinusoidal endothelial cells (LSECs) to express high levels of CAMs (such as vascular cell adhesion molecule 1 [(VCAM-1]), intercellular cell adhesion molecule 1 [(ICAM-1]), integrin α5β1. and E-selectin), which support the arrest, retention, and transmigration of metastatic cancer cells to the liver [11, 12, 15]. The tumor immune microenvironment (TIME) represents a significant barrier for to creating effective therapies for CRLM. The presence of bone-marrow recruited MDSCs or regulatory T -cells (Treg) at in the TIME disrupts major key mechanisms of immune surveillance including , like antigen presentation, M1 macrophage M1 polarization, and T -cell activation [16]. The high expression of the chemokine C-X-C motif chemokine ligand 12 (CXCL12) in the liver delivers specific homing signals for CRC cells that highly express the chemokine receptor CXCR4 receptors, thus contributing to liver-specific metastasis in CRC [17]. The C-C motif ligand 2 (CCL2) chemokine is highly secreted by CRLM compared to normal liver tissue. It mediates the migration of C-C chemokine receptor type 2 positive (CCR2 +) inflammatory monocytes (IMs) from the bone marrow to the liver via the CCL2/CCR2 chemokine axis [14], where they differentiate into immunosuppressive TAMs and support metastatic tumor growth. The recruitment of hematopoietic progenitor cells (HPCs) expressing VEGFR1 to pre-metastatic organs also creates a supportive micro-environment for incoming CRCs [18]. The expression of programmed death ligand-1 (PD-L1), an immune checkpoint molecule that negatively regulates the immune system to prevent self-attack via programmed cell death receptor 1 (PD-1) engagement, is increased in CRLM compared to primary CRC [19, 20], which may help CRLM to escape from immune surveillance. Indeed, CRC tumor cells induce the expression of PD-L1 on their surface, contributing to the exhaustion of the antitumor lymphocytes. Dendritic cells (DCs) within the liver TME also highly express the PD-L1 on the cell surface and induce T cell exhaustion and immune escape [21]. Since PD-L1 is expressed more abundantly than CD80 (B7.1) on tumor tumor-associated DCs, the binding of PD-L1 to CD80 on the same DC (via cis-interactions) further prevents CD80 from activating T cells against cancer cells via CD28 co-stimulation [22]. Cytotoxic T -lymphocyte- associated antigen 4 (CTLA-4) is another checkpoint molecule expressed mainly on T cells and that regulates T c-cell activation by transmitting relaying inhibitory intracellular signals to T cells. CTLA-4 binds to CD80 and CD86 on (B7-2) on antigen -presenting cells  (APC) and counteracts the effects of the co-stimulatory protein CD28 [23]. 	Comment by Editor: In general I don’t recomment bolding individual words like this as it is not highly effective and distracts from more important highlighted concepts	Comment by Editor: Similar comment – is there strong reason to be bolding individual chemokine names like this? It doesn’t seem to add much
Given the importance of hepatic TIME in for every step of liver metastasis, targeting and blocking key molecules that support immune and cancer cell migration or promote immune cell exhaustion has been proposed as an attractive strategies approach to prevent preventing liver metastasis. Monoclonal antibodies and small molecules directed against the above-mentioned receptors are currently under clinical investigation for the treatment of inflammatory diseases and cancer therapy [ ]. Recombinant antibodies are the natural homing proteins that can be produced in  high quality, providing offer a high degree of high binding affinity and specificity.. Indeed,The antibody-mediated inhibition or downregulation of the CAM E-selectin or downregulation of E-selectin expression resultsed in the attenuation of experimental liver metastasis [24, 25]. The inhibition of integrin α5β1 function by using blocking antibodies has reduced been shown to reduce the liver metastasis rates  in mice with colorectal cancer [26], further supporting the value of blocking CAMs as an approach to treating functional blocking of CAMs for the treatment of inhibiting CRLM. Selective blocking of VEGFR1 completely ablated liver premetastatic niche (PMN) formation and the liver metastasis of colorectal cancer cells in mice [18].  CXCL12/CXCR4 antagonists have also shown encouraging results in antic-cancer activity  [27, 28]. Moreover, the bBlocking of CCR2 produced is associated with an anti-tumor immune response at the metastatic site, providing a new target for clinical treatment [29]. Immune checkpoint inhibitors (ICIs) directed against PD-1 protein (pembrolizumab and nivolumab) are highly effective in treating patients with metastatic mismatch repair-deficient (dMMR) or microsatellite instability, high (MSI-H) CRC [30, 31], and d. Dual CTLA-4 and PD-L1 inhibition resulted in MSI-H CRC tumor growth inhibition and blockade of liver metastasis [32]. However, given the small proportion of patients with metastatic dMMR or MSI-H disease (~4%) [33], only a limited number of patients can benefit from this treatment. Moreover, recent the outcomes of recent immunoe-therapy- related studies in patients with liver metastases were less beneficialpromising, [34], mainly due to insufficient activation of the immune system or acquired resistance [35]. Furthermore, the Fc fragment of antibodies poses causes dose-dependent immunogenicity. Immune-related adverse events (irAEs) associated with ICI combination therapy (e.g. nivolumab and ipilimumab [(anti-CTLA-4])) significantly increase severe side effects compared with monotherapies alone  [36], limiting their  and limit clinical application. To overcome these disadvantages, antibody fragments are beinghave been used as affinity ligands, however but there are only limited examples of advanced systems can be identifiedusing this approach [37]. Small molecule inhibitors may be efficient, however,but they are associated with they show major drawbacks including a nonspecific , such as unspecific biodistribution, a sshort in vivo half-life time in vivo, treatment failure due to low poor target site accumulation,  at target sites and acquired drug resistance [38].	Comment by Editor: The original sentence here was confusing – I have tried to shorten/clarify it	Comment by Editor: Is this what was meant? Otherwise it doesn’t make sense to introduce this here

Synthetic, high-affinity bioactive nanomaterials (HABNs) can recognize, bind, and block the activity of strategic molecules (e.g., chemokines, receptors) underlining closely tied to disease phenotypes, therebythe disease phenotype, thus can inhibititing metastasis progression and serve serving as a therapeutic alternative therapy forto conventional antibodies or small molecules. The structure of these nanomaterials can be precisely optimized with based on ligand density to improve the binding to target surfaces and increase tissue specificity. Nanomaterials grafted with such that they present multi-valent targeting ligands multi-valent presentation of targeting ligand can bind their cognate receptor with high affinity and specificity that is superior to that of the free peptide, or in awhile achieving affinity similar to or higher than that of  similar or higher affinity relative to antibodies [38]. Due to their large size (5-80 nm in size), HABNs may exhibit a longer circulation half-life time relative to small molecules, promoting preferential tumor accumulation to maintain and achieving long-lasting effects. Compared with conventional nanomedicines, in which a that consist of drugs of interest that is are entrapped, attached, or encapsulated throughout or within a drug delivery system, HABNs can be active on their ownexhibit intrinsic activity. As tThey do not carry cytotoxic substances with a pharmacological effects, and they may thus may exhibit low toxicity and minimal adverse effects [39]. 	Comment by Editor: Is this an unknown?

The strategy of using HABNs has been recently implemented by our research group to inhibit the metastatic spread of cancer (Scheme 1). We showed that HPMA copolymer conjugates bearing multiple copies of the A5G27 peptide, that which binds preferentially to the CD44v3 and CD44v6 isoforms of CD44 on the surface of cancer cells (designated P-A5G27 copolymer) [40], inhibits breast tumor cells migration and colonization in the lungs of mice. CD44v3/6 facilitates the slow rolling of circulating tumor cells (CTCs) on through attachment with E-selectin on bound to inflamed vascular endothelium endothelial
 and promotes cell migration and metastasis. P-A5G27 binds and shields CD44v3/6 functionality and thus inhibits the migration of prostate PC3 and breast cancer 4T1 cells in cell culture. When injected i.v. intto mice 15 min prior to cancer (4T1-luc) cells inoculation, P-A5G27 inhibited the pulmonary extravasation and colonization of 4T1 tumor cells in lungs [41]. In As an alternative strategy, we designed an HPMA polymer , decorated with multiple copies of Esbp (, designated as P-Esbp) , to target E-selectin on activated vascular endothelial tissueum. E-selectin regulates leukocyte and cancer cell s trafficking into inflamed tissues and the eextravasation of CRC to into pre-metastatic sites. We showed found that P-Esbp forms a boundary layer between circulating cells and ECs at the lumen of inflamed blood vessels and hence attenuates leukocyte transmigration, reducing in vivo acute liver inflammation [42] or aortic wall thickening in atherosclerotic mice [43]. In experimental cancer metastasis models, the pre-treatment of mice with P-Esbp, prior to melanoma (B16-F10) cells inoculation, prevented metastatic dissemination of B16-F10 cells and the formation of melanoma foci in the mice lungs [44] (Fig. 2). However, in contrast to B16-F10- derived lung metastases, which can successfully be prevented by using the "drug drug-free" P-Esbp, E-selectin-blocking by via copolymer pre-treatment was not beneficial in as a means of preventing the establishment of CRC (CT26) liver metastaseis (Fig. 2). In-depth inquiry revealed that although E-selectin-blockade by P-Esbp effectively reduced E-selectin expression in the liver in this model system metastatic livers (Fig. 3), it did not alter leukocyte migration into the malignant the metastatic liver tissue [13]. These results may reflect the ability of LSECs and the liver tissues to compensate for the blockade of one CAM by via the upregulation of other CAMs. If CAM expression is indeed interconnected, then  indeed there is an interconnection between CAM expression,the blockade of a single CAM  a single CAM-blocker may not provide protective protection effects to controlagainst  CRLM. , and weIt is thus important that we  need to carefully select key targets in the TIME such that a complete blockade of their function will not be circumvented through compensation the compensatory effects of by other molecules in the TME. 	Comment by Editor: “

[image: ]Scheme 1: Mechanism to inhibit metastatic spread of cancer by our “drug- free” P-Esbp or P-A5G27 copolymers through functional blocking of E-selection on ECs [ ], or CD44v3 on cancer cells [ ], respectively.




The discussed above examples demonstrate highlight the ability of "drug-free"  ’drug free’ copolymer conjugates to inhibit cell-cell interactions and give provide evidence that these unique biomaterials have an existeance on their own. Our promising results feed the necessityunderscore the importance of investigating the potential utility of novel  to investigate the potential of new HABNs as inhibitors ofto inhibit the PMN formation or alternatively t or tools to control cancer progression in cases of o control the progression of cancer with already established metastases. 	Comment by Editor: I would try to construct this final paragraph to more specifically emphasize what the “unknowns” are that you aim to address in this grant	Comment by Editor: I don’t understand what you mean by this. Are you trying to emphasize their ability to serve as a “unique class of biomaterials with potential clinical utility”?

	Comment by Editor: You can place the text box below the Figure and then wrap the main text around this FIgure sicne it is smaller. The font size also needs to be larger.	Comment by Editor: The font here is too small and often blurry, making it hard to readFigure 3: A. E-selectin mRNA levels in metastatic livers., B.  Ddistribution of P-Esbp or control copolymer in CT26 metastatic livers. S, scale bars:  indicate 50 µm.,
Figure 2: Development of CT26 liver metastasesis and B16 lung metastasies after drug-free copolymer pre-treatment.:  
A. Eexperimental timeline of for mice injected with CT26-GFP/Luc cells after pretreatment with either drug-free P-Esbp or P-Esbpscrm control copolymer. ; B. Lluminescence counts for in vivo  of liver metastases in vivo 7, 14, and 21 days after copolymer pretreatment and CT26-GFP/Luc intrasplenic (i.sp.) inoculation.; C. Lluminescence counts for  of excised liver metastases after 21 days.; D. Eexperimental timeline of for B16 metastasis establishment after pretreatment with either drug-free P-Esbp or P-Esbpscrm control copolymer. ; E. Numbersno. of visible metastatic lung colonies 14 days after copolymer pretreatment and B16-F10 i.v. inoculation, *p<0.05 [13].

(b) Research Oobjectives & Eexpected Ssignificance.
We In the proposed study, we plan to test the hypothesis that a HABN, decorated with targeting ligands without but free of any attached drug any drug attached, but only decorated with targeting ligands, can inhibit PMN formation in the liver by blocking the activity of key molecules (i.e., CXCR4, CCR2, and VEGFR1) that promote the recruitment of cells to the liver PMN. We will further study whether the this “drug- free” HABN can inhibit the progression of cancer by blocking PD-L1 and CTLA-4, which  that support immune escape. Moreover, we will design a novel bispecific HABN that can induce cancer cell lysis by engaging NK cells and CRC cells and to enhance NKG2D-mediated cytotoxicity. Such If successful, this strategy has the potential toa strategy can boost durable antitumor immune response and revolutionize treatment regimens of for CRC patients by complementing the current treatments therapies with ones that can inhibit the rate of tumor growth and decrease mortality , without potential side effects. If successful, these If effective, these blockers can be prophylactically administered as a prophylaxis before the surgical removal of primary tumors to prevent surgery surgery-induced metastatic seeding of cells at the liver PMN. The These immune cells activators can also be used in a treatment regimen to hinder the progression of cancer with alreadyin cases exhibiting established CRLM.  	Comment by Editor: This wasn’t introduced effectively in the Background section	Comment by Editor: In general, reviewers will be skeptical of any claim that a treatment can be effective without side effects. Instead, maybe just say “with few side effects” or “while maintaining an excellent safety profile”.

Specific aims:
We To achieve the objectives outlined above, we plan to develop a library of HABNs, without any conventional drug, that can:
1. Aattenuate the recruitment of circulating (immune and cancer) cells to the liver PMN , by blocking the activity of CXCR4, CCR2, and VEGFR. We For this aim, we will identify the a lead HABN or combinations thereof that can sustain the establishment of CRLM (Scheme 2A). 
2. Rremove the brakes on from effector T cells. We will assess the efficacy of PD-L1- and CTLA-4-blocking HABNs in activating T cells against cancer cells within the TME (Scheme 2B). 
3. [image: ]Iinduce NK-mediated CRC cell lysis. We will test if whether a bispecific HABN that engages simultaneously engages NK cells and CD44v3+CRC tumor cells, can induce cancer cell lysis and counteract CRLM growth (Scheme 2C). Scheme 2: Examples of peptide-decorated PC (A) PM (B) and bi-functional MSNP (C) and their proposed mechanism of action

(c) Detailed Ddescription of the Pproposed Rresearch
Research design and methods
The rRational design of nanomaterials [(polymer conjugates (PCs), polymeric micelles (PMs), and mesoporous silica nanoparticles (MSNPs)] with multi-valent presentation of peptide ligands will allow us to target a broad panel of proteins within the TME , to investigate the specific scientific questions at hand. We have already identified short peptide ligands that can target the key molecules mentioned above (Table 1). Due to their smaller size, ease of synthesis,y and low-cost of production, peptide ligands offer additional benefits over antibodies and nanobodies as targeting ligand. Multivalent interactions between ligands and these targeting molecules can increase the affinity of binding [38, 45]. We will use biocompatible nanomaterials (polyHPMA, poly(ethylene glycol)-b-poly(e-caprolactone) (PEG-b-PCL) or MSNPs) to prepare HABNs that by themselves do not promote provoke an immunological immune response and present lower risks for patients, which would likely increase the chances forincreasing the odds of their successful translation. Since each HABN can block different key molecules that contribute to CRLM progression, a combination of multiple HABNs, given simultaneously, can result in synergistic activity without significant adverse effects.  
	Targeting small peptide
	Sequence
	target
	Cells expressing target molecule
	REF

	F56
	KWHSDMEWWYLLG 
	VEGFR-1
	activated ECs, cancer cells, BMDCs
	Shamay 2016

	ECL1i
	D(LGTFLKC)
	CCR2
	Inflamed Monocytes
	Auvynet, 2016

	4-1-17
	MEGISIYTSDNYTEEMG
	CXCR4
	CXCR4/CXCL12
	Pillozzi, 2019

	A5G27
	RLVSYNGIIFFLR
	CD44v3
	Cancer cells
	Zaiden, 2017

	PDLbp
	D(CNYSKPTDRQYHF) 
	PD-L1
	Cancer cells; DCs
	Chang, 2015

	CTLA-4bp
	WGHSHFSHWKGR
	CTLA-4
	NK cells 
	Zhou , 2022

	NKG2Dbp
	FQFCND
	NKG2D
	NK cells
	Kim , 2022


Table 1: Selected targeting small peptides and targeted molecules on tumor cells and cells of the TME






Task 1: Generate a library of HABNs that can block the activity of key molecules that contribute to CRLM. HPMA-based PCs, PEG-b-PCL PMs, and MSNPs are routinely synthesized in my our lab by using highly reproducible procedures.  These nanomaterials will be decorated with multiple copies of peptide ligands to achieve high binding affinity to for their respective receptors. To achieve this, we began have begun analyzing the protein sequences to select 10- to 20-amino-acid peptides  and selected peptide sequences of 10-20 amino acids that correspond to protein regions  a region of the protein with a high probability of being exposed (Table 1). In order to target circulating IMs and CTCs in CRLM, these HABNs will be decorated with short peptides including, e.g., F56 [46], 4-1-17 [28], and ECL1i [47], to target VEGFR1, CXCR4, and CCR2, respectively(. The selected peptides were reported to bind with high affinity to receptors or adhesion molecules that are predominantly expressed on inflamed monocytes (IM) IMs and CTCs. PC decorated with VEGFR1-binding peptide (P-F56-FITC) will be synthesized by conjugating VEGFR1 binding peptide (F56) to an HPMA-based precursor copolymer (P-GGONp-FITC) by via aminolysis, as we have described earlier previously [46]. The CCR2-binding copolymer (P-ECL1i-FITC) will be synthesized by conjugating the CCR2-binding peptide (ECLi1) to HPMA precursor copolymer (P-GGONP-FITC, Scheme 2A) by native chemical ligation. The CXCR4-binding copolymer will be synthesized similarly by attaching 4-1-17 peptide to an HPMA precursor copolymer.	Comment by Editor: Generally I try to structure this section with subsections for each specific Aim (of the 3 you listed) – consider doing the same here to more specifically highlight how each goal will be achieved. Task 1 can still be added to the list of Aims above to make this easier. 
In parallel, we will design novel nanomaterials to remove the brakes on effector T cells. PM will be decorated with PD-L1bp [48] to block PD-L1/PD-1 engagement on cancer cells and DCs. PD-L1bp can stimulate T cell activation and disrupt the PD-1/PD-L1 interaction in vivo (preliminary data). Alternatively, CTLA-4bp [49] will be conjugated to PM to block CTLA-4 inhibitory function and the suppression of T cells within the liver tissue. The CTLA-4bp peptide can effectively block CTLA-4 /CD80 protein interactions and has goodexhibits good anti-tumor effectefficacy. Peptide-decorated PM may accumulate preferentially at in the TME and reactivate T cells against cancer cells, while simultaneously activate activating DCs for to ensure adequate antigen presentation. Such a strategy may thus offer an extension ofbe able to extend current treatment regimens for preventive, adjuvant, or maintaining maintenance care. Peptide-decorated PM will be synthesized by conjugating N-terminal cysteine harboring peptides to di-block copolymer with maleimide (MAL) reactive groups (MAL-PEG(2K)-b-PCL(5K)) by using a thiol-maleimide click reaction (see preliminary data). MSNP will be synthesized by a modified Stober’s method and further surface-modified with targeting peptides by via a thiol-maleimide click reaction (preliminary data). 	Comment by Editor: It makes more sense to integrate your preliminary data throughout this section, rather than separating it out as you currently do, in large part because these references are harder to follow when divided like this
Since the engagement of the NKG2D receptor on NK cells enhances target cytotoxicity [50], we will further design bispecific MSNPs capable of binding simultaneously both NK cells and CD44v3+ CRC cells and thereby promotinge CRC cells lysis. MSNPs will be bi-functionalized with NKG2D binding peptide (NKG2Dbp) [51] and A5G27 (designated MSNP-(NKG2Dbp)-(A5G27)) that such that they can simultaneously engage NK cells (via NKG2Dbp) and CD44v3+CRC tumor cells (via A5G27) to induce NK-mediated CRC cell cancer killingcells lysis. The 6-mer NKG2Dbp partially overlappsed with NKG2D ligand binding sites and can activate NK cells through NKG2D signaling and Vav1 phosphorylation [51]. One significant advantage of NKG2Dbp is its smaller size relative to NKG2D ligands (MICA and ULPB3). Activation of NK cells by using NKG2Dbp did not lead to activation-induced NK cell death. 
These novel HABNs may affect CRC cells within the TME and provide an effective avenue to counteract CRLM growth. The Peptide ligand content on the surfaces of these particles content of the peptide ligand on particle surface will be determined by 1H-NMR, UV spectroscopy, Ninhydrin assays, and Bradford assays. The resulting fluorescently labeled HABN library of targeted and untargeted materials will be screened on a panel of cells including peripheral blood mononuclear cells (PBMC) from BALB/c mice, cancer cell lines (CT26 and HT-29), ECs (HUVECsS, IVECs), and fibroblasts (NIH3T3) as negative non-targeted control. The Ppromising ligands with high binding affinity, selectivity,  and good water solubility will be selected. The activity of our new HABN will be screened on using the above platform to measure toxicity, binding efficacy, and specificity. 
Expected Results and Data Interpretations: We will identify the those optimal targeting ligands that can bind to immune and CRC cells. These optimized formulations, targeting moiety structures, and content will be ranked byaccording to their safety for all cells and their ability to target appropriate cells while exhibiting little or no uptake by non-target cells. : 1) safety to all cells, 2) the greatest targeting to cells vs. no or little uptake in non-target cells.
Problems and Pitfalls and Future Directions: The solubility and the orientation of the conjugated peptides can be problematic, but this can be controlled at the level of peptide synthesis, typically through the addition of a unique functional group to peptide termini, improving solubility and allowing for site-specific conjugation to polymers or nanoparticles (NPs). The use of a peptide sequence with all dD-amino acids can improve serum stability.	Comment by Editor: Can you be more specific as to the factors that are problematic and the mangitude of these problems? “Can be problematic” is too general.

Task 2: Determine whether our systemic HABNs  can block the activity of their connate cognate receptors
To investigate the functional blocking ofability of our HABNs to block cell migration, we will employ an assay that measures the recruitment of purified IMs (isolated from healthy donors) and cancer cells on an activated human umbilical vein endothelial cells (HUVEC) monolayer under flow conditions, according to our previously described procedures [52-54]. VEGFR1- CCR2- and CXCR4-blocking HABNs (decorated with F56, ECL1i, and 4-1-17, respectively) will be dissolved in cell culture medium and perfused over the HUVEC monolayer prior to IMs application. Individual images will be recorded every 30 seconds. By counting the cells using the marked grid on each image throughout the duration of the experiment, it will be possible to identify cells that are captured from the flow by HUVECs. We will also employ cell culture wound -closure, transwell migration, and invasion assays to test the ability of HABNs to inhibit BMDC and cancer cell migration, using conditioned media obtained from CT26 cells (CRCM) as a chemoattractant. 
The in vitro induction of proliferative T cell responses will be measured by incubating OT-1 CD8+ T cells with CT26 cells in the presence and absence of PD-L1-decorated PM, followed by the measurement of cytokine secretion measurements by RT-PCR and flow cytometry. The ability of NK cells to kill CT26 cells in the presence and absence of CTLA-4-blocking PM will be tested by through cytotoxicity and flow cytometry assays. The cytotoxicity of the bi-functional MSNP-(NKG2Dbp)-(A5G27) against CD44v3+CRC cells will be tested similarly.
Expected Results and Data Interpretations: We Through these experiments, we will obtain information about the binding time course of the binding and the ability to block the recruitment of circulation circulating IMs and CTCs with by ECs. We will compare the targeted vs.and untargeted immune checkpoint blockers on with respect to theirthe cytotoxicity towards CRC cells and determine the ability of the bi-functional particles to kill cancer cells. The activity of these HABNs will be compared to commercially available antibodies.	Comment by Editor: Which? It may make sense to specify this above.
Problems and Pitfalls and Future Directions: Cancer cells secrete chemokines to recruit specific immune cells into tumors, inducing local immunosuppression and favoring tumor progression. However, at the same time some of theIn addition to disrupting this activity, it is possible that our targeted HABNs may also inhibit the recruitment of pro-inflammatory monocytes to the tumors and rather thereby aid metastatic tumor spread. promote metastatic spread of cancer. If this is the case, we may need will seek to carefully optimize the dose and treatment regimen of such HABNs to achieve the best results.	Comment by Editor: What is your readout here – are IMs mean purely as a model of pro-inflammatory monocytes, or are you going to perform some monocyte phenotyping (CD14/CD16, cytokine secretion, etc.)?

Task 3: Test whether HABNs can prevent PMN formation and the metastatic spread of CRC cells to the liver
HABNs directed against the establishment of PMNs could have the potential to arrest metastatic progression. potentially stop metastasis in its tracks. For these studies, we will use a mouse model of aggressive CRC liver metastasis originating from murine CT26 colon carcinoma cells and evaluated the ability of the new HABNs to reduce the metastatic dissemination of CT26 cells to the liver.  Since tumor-derived factors (i.e., tumor-derived exosomes) also contribute to the liver trophism of CRC cells and PMN formation, we will also pretreat mice with CRCM prior to tumor cell s inoculation. By injection ofinjecting CT26 CRC cells into the spleen, we can attain high levels of metastatic colonization in liversthe liver. We will test if the number of CRC liver colonies can be decreased upon by a single treatment with VEGFR1/CCR2/CXCR4-targeted PC and and whether this prolongs survival. prolong the survival of mice.	Comment by Editor: I’m not sure there is any reason to specifically call out exosomes here
In total, 1x106 luminescent CT26-GFP/Luc cells in 100 µl of saline will be injected into the spleen of anesthetized BALB/c male mice during open laparotomy [13]. After one minute, the adjacent arteries and veins will be clamped, and the spleen will be removed, (to avoid the development of of local tumors), followed by the closure of the incision. Mice will receive  the incision will be closed. Mice received pain killersanalgesics in drinking water for 3 days after the procedure. Liver metastasesis-associated luminescence will be visualized by in vivo imaging (IVIS) after i.p. D-Luciferin i.p. injection at four4 days after cancer cell inoculation and twice per week from thereonthereafter. During imaging, mice are will be anesthetized by isoflurane inhalation. Mice will be pre-treated i.v. with HABNs 30 min prior tobefore tumor cells inoculation. Alternatively, in the treatment regimen, a single or repeated dose of HABNs will be given i.v. on the fourth day after cancer cell inoculation. The mice will be weighed and monitored twice per week and euthanized when showing exhibiting clinical signs of metastatic disease, such as enlarged abdominal enlargementabdomen, ascites, impaired respiration, and lethargy. Some mice will be treated with PC and the liver and major organs will be harvested at pre-determined timepoints post after tumor cells inoculation. Immune and cancer cells infiltration to the liver will be quantified by flow cytometry.
Expected Results and Data Interpretations: These experiments will compare the efficacy of the targeted vs. untargeted HABNs and evaluate the potential of our targeted strategies, including - one directed towards circulating inflamed monocytes another and another directed towards CTCs to inhibit CRLM progression. We will also compare the efficacy of our leading lead compound to the that of a blocking antibody with the same target to determine whether our novel strategy is a viable corresponding blocking antibody, to check if our new strategy can indeed serve as an antibody alternative. We anticipate that at least one HABN will effectively control the progression of CRLM.
Clinical Relevance of our CRLM model: One A key issue of concern when studying tumor biology is appropriate mouse model selection. Murine of the issues for studying the biology of tumor has been the mouse models that are incorporated for these studies. Mouse CRC tumor models only rarely spontaneously metastasize to the liver. Splenic injection of CRC cells resulted results in an the more aggressive formation of liver and distant metastasesis when compared to portal vein injection, as splenocytes may co-traffic with the tumor cells to the liver and facilitate metastatic colony formation [55]. This is the only approach that duplicates faithfully duplicates the metastatic spread of CRC cells to the liver.	Comment by Editor: Do you have any potential pitfalls to highlight for this task?

Task 4: Test whether HABNs can overcome immune- tolerance and hinder CRLM progression 
To determine the ability of PD-L1bp-decorated NPs to inhibit interactions  with PD-l on T cells, cancer and dendritic cells will be pre-incubated with HABNs and then cultured with T cells. We will investigate multiple parameters of T cell activation, including T cell activation markers of activation, the type ofand cytokine secretion profiles.  cytokine secreted by cells.  To investigate these  in vivo effects, CT26-luc cells will be injected i.sp into BALB/c mice, and which will then be treated i.v. with HABNs or with blocking antibodies (as a control treatment) 7 days after tumor cells inoculation for 2 weeks by through two2 weekly s.c injections. The experimental CRLM model was already established in our lab via intrasplenic and subcutaneous inoculation of CT26 cells [13]. The antitumor activity of the bi-functionalized MSNP-(NKG2Dbp)-(A5G27) will be analyzed in parallel. The antitumor activity of PD-L1- and CTLA-4-blocking PM on mice with established CRLM will be analyzed by IVIS imaging and compared to anti-PD-L1 or anti-CTLA-4 PM antibodiesy and their combinations thereof. The survival of mice will be estimated assessed by using the Kaplan-Meier estimatormethod. The activation of CD4+ T, CD8+ T,  and NK cells in the peripheral blood and excised liver tissue will be assessed using flow cytometric analysisby flow cytometry. T cell infiltration in the liver tissue after a single or combination treatment will be analyzed by immunohistochemistry (IHC). The functionality of T cells after treatment, the secretion of IFN-g in by T cells,  and the binding of rCD28 to T cells following treatment will be evaluated by PCR and flow cytometry. We will test dose responses to identify the lead HABNs candidate/s. We will also test whether simultaneously administration of PD-L1- and CTLA-4-blocking HABNs is beneficial. The Ttreatment efficacy will be compared to the combination of anti-PD-L1 inhibitor (durvalumab) and +anti- CTLA-4 (ipilimumab).	Comment by Editor: Is this specific to the antibody? It is nto clear.	Comment by Editor: Why is the PM here?	Comment by Editor: I assume this is what was meant.
Expected Results and Data Interpretations: One possible complication is that following PD-L1 blockadge by PD-L1bp-PM, the released CD80 on DCs can bind to CTLA-4 rather than CD28 and suppress T cell activation [23]. YetHowever, this effect can be overcome by co-blockade of CTLA-4 with CTLA-4bp-PM. We believe that the novel PD-L1bp-PM can will be able to improve the therapeutic outcomes for cancer patients having exhibiting low CTLA-4 levels even without the need for the co-blockade of CTLA-4.	Comment by Editor: This reads more like a potenital pitfalls section than one in which you are describing your expected findings.

(d) Preliminary results	Comment by Editor: While you can keep the preliminary results together like this, in my experience the most effective proposals incorporate these preliminary data into the corresponding sections of the  more detailed descriptions of your experimetnal Aims above. Consider integrating it there such that you directly to what has been performed so that you better emphasize what you will do in the proposed study.Figure 4: CCR2-binding of P-ECL1i-FITC to CCR2+HEK cells after 1 h at 4oC. 

Design of of HABNs 
In previous studies, we reported on the selective binding P-F56-FITC to activated ECs (IVECs, bEND, and cEND) [46]. The CCR2-binding copolymer (P-ECLi1-FITC) was synthesized by conjugating CCR2-binding peptide (ECLi1) to HPMA-based precursor copolymer (P-GGONp-FITC) by native chemical ligation. In preliminary experiments, we confirmed the preferential binding of P-ECLi1-FITC to CCR2+ 293HEK293 cells (Fig. 4). 

PD-L1bp-decorated MSNPs to enhance T cell activation:
We have developed PMs decorated with multiple copies of PD-L1 binding peptide (PD-L1bp-PM). PEG-b-PCL di-block copolymer with MAL reactive groups (Mal-PEG-b-PCL) was conjugated with N-terminal cysteine harboring PD-L1bp by using a thiol-maleimide click reaction, and self-assembled with IR806 decorated PEG-b-PCL (PEG-b-PCL-IR806) at different ratios to form PD-L1bp-PM (Table 2). 
Table 2: Physicochemical characteristics of PD-L1-targeted PM by DLS, zeta sizer, and TEM.
[image: A collage of images of different types of cells
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	Diblock copolymer ratio (wt)
	Particle size
(in nm)
	Zeta potential (in mV)
	Morphology

	PEG-b-PCL-IR806: PCL-b-PEG-PD-L1bp
(PD-L1bp PM)
	50:50
	189.2±4.24,
	+3.33±0.32
	Spheres

	
	70:30
	81.58±3.53
	+2.0±0.04
	Spheres

	
	90:10
	196.14±3.56
	+1.22±0.36
	Spheres

	PEG-b-PCL:PCL-b-PEG-PD-L1 (control PM)
	70:30
	202.04±5.26
	NA
	mixture of rods and spheres

	PEG-b-PCL-IR806:PCL-b-PEG (blank PM)
	70:30
	89.67±2.97
	-2.2±0.52 mV
	Spheres



The PD-L1bp-PMs (at 70:30 ratio of PEG-b-PCL-IR806: PCL-b-PEG-PD-L1bp; , with spherespherical morphology; , and ~80 nm in size) bind preferentially to B16-F10 melanoma cells that express basal PD-L1 on the cell surface. PD-L1bp-PM treatment enhanced the molecular interactions between B16 and T cells (Fig. 5).

Figure 5: Enhanced molecular interactions between stimulated DC2.4 cells (CD80, red) and EL4 cells (CD28, green) following treatment with free PD-L1bp and PD-L1-PM 
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In preliminary experiments, we also developed a novel PD-L1-decorated MSNP to block PD-L1 on DCs and prevent its mediated interactions. MSNPs were surface-modified with mannose (to bind CD206 on DCs) and further caged with PD-L1 binding peptide (PDL1bp) to prevent PD-1/PD-L1-mediated T cell inactivation and further dissociate PD-L1/CD80 cis interaction to enhance CD28 co-stimulation on T cells. The measured hydrodynamic radius of MSNP-MaN-PDL1bp was about 250 nm, and the successful functionalization of MSNPs after each step of modification was confirmed by zeta potential measurements (not shown). The amount of the PDL1bp attached to the MSNP surface through by disulfide bonds was calculated to be 105 µg/mg of of the nanoparticlesNPs on average (not shown). To assess the availability of CD80 on DCs for molecular interaction with recombinant CD28 (rCD28) following MSNP-PDL1bp treatment, we tested the binding of fluorescently labeled rCD28 to DCs in the presence or absence of MSNP-MaN-PDL1bp. We found that PD-L1bp-decorated MSNPs disrupted PD-L1/CD80 cis-interactions and enhanced the recognition of rCD28 by DCs. This indicates that, the PD-L1-decorated MSNPs by-itselfalone can restore CD80 availability to enhance CD80/CD28 interactions (Fig. 6). Blocking PD-L1 by MSNP-MaN-PDL1bp blocking of PD-L1 improves molecular interactions between DCs and ad T cells and further promotes EL4 T cells stimulation, as confirmed by increased IL-2 secretion level (Fig. 7). 	Comment by Editor: What do you mean by this?	Comment by Editor: The Figure Legends seems to be cut off
Figure 6: The binding of fluorescently labeled rCD28 to DCs in the presence or absence of MSNPs. The MSNPs decorated with an equivalent amount of PDL1bp (relative to 25 µg/mL free PDL1bp), promote rCD28-binding in the same way as unconjugated peptide, reaching to 88% of labeled cells. (n=3) *p<0.05, ****p<0.001, ns-not significant

Figure 7. PDL1bp-decorated MSNPs promote DC and T cell interactions via the CD80/CD28 co-stimulatory pathway and stimulate T cell activation.  (A) Scheme of the suggested cellular interactions following treatment with MSNP-MaN-PDL1bp. (B) Confocal images of molecular interactions between mDC2.4 cells (CD80+, red) and EL4 cells (CD28+, green) after indicated treatments with 5 μg/mL of ffree PDL1bp or peptide-equivalent MSNP doses. (C) Fluorescent images captured using a Zeiss Celldiscoverer7 to visualize the molecular interactions between mDC2.4 cells (CD80+, orange) and EL4 cells (CD28+, green) after the indicated treatments. (D) Quantification of the number of contacts between DC2.4 and EL4 cells within the merged images for the indicated treatments (n=3) ***p<0.001. (E) IL-2 secretion level of from EL4 cells following co-culture with pre-treated mDC2.4 cells (n=3) ***p<0.001.

In a subsequent in vivo study PD-L1+ model cancer cells (B16-F10) were injected subcutaneously in syngeneic C57BL/6J mice, and then treated with MSNP formulation for 2 weeks by 2via two weekly intra-tumoral injections. The results clearly show that PD-L1-decorated MSNP formulations (MSNP-Man PD-L1bp) by itself prolongedalone can prolong the survival time of mice even without CLT addition (a positive control that, activates DCs by upregulating the lysosomal pathway and boost boosting antigen presentation). In this case, interference with PD-1/PD-L1 with using a “drug drug-free” MSNP was sufficient to achieve antitumor activity (Fig. 8). However, , but still, we still need to carefully optimize the formulation to achieve the best results.	Comment by Editor: I don’t understand why this Figure 8 legend mentions flow cytometry analyses – they are not present in the actual FigureFigure. 8.: Rate of B16-F10 tumor growth following DC-targeted MSNPs treatment. B16-F10 cells (5x106) were injected subcutaneously in syngeneic C57BL/6J mice (n = 5 per group). Treatments were initiated 3 days after tumor injection. Mice received 2 weekly intra-tumoral injection of an MSNPs formulation or free PD-L1bp+CLT for 2 weeks. Tumors were collected on Day16 collected and single cell suspensions were prepared and stained for flow cytometry to analyze the infiltration and phenotype of immune cells: CD45+ immune cells (T cells + DCs). 


Expected Significance: 	Comment by Editor: This belongs in the “Research Objectives and Expected Significance” section above. I would also highlight the novelty of your work briefly in this section (i.e. specifically indicate which aspects of your work have not been performed previously)
Does this part belong to task 4, or to the preliminary results? What about therapeutic or maintenance use?	Comment by Editor: This seems like an important thing to raise when highlighighting these applications.
HABNs offer an opportunity to overcome the problems stemming from using poorly validated antibodies in preclinical- and clinical research. HABNs can be used as an employed in addition to existing treatments, or provide an extension of treatment schedules for preventive, adjuvant, or maintaining maintenance care.  Since While the surgical removal of a primary tumors frequently increases the chances of metastasis, HABNs that can block cancer cell adhesion to the surface of ECs or block receptors on the surface of circulating cells, thereby potentially protecting against cells can prevent surgery-induced metastasis when given administered in a pre-operative setting [39]. In a therapeutic context, HABNs are less immunogenic than antibodies, and thus may be a suitable therapy (either alone or in combination with other HABNs) for patients with preexisting autoimmune diseases who , that are usually excluded from clinical studies due to harmful immune responses. We anticipate that our research in the field of drug drug-free bioactive nanomaterials will set lay the groundwork for future bioactive, “drug drug-free” nano-formulations, and we are confident that some of the principles presented in this proposal may will lead to the design of new innovative nanomaterials. 	Comment by Editor: Why is this in quotes here but not in the prior sentence?
Resources: Our laboratory is highly experienced in the synthesis, characterization, and in vitro and in vivoin-vitro and in-vivo evaluation of nanomaterials for medical use. The laboratory consists of 2 M.Sc. students, 2 PhD students, 2 Postdoctoral fellows, and 1 technician (at a PhD level, well-devised versed in animal surgery) that are currently working at the laboratory. The laboratory and department are equipped with all necessary equipment for chemical synthesis, tissue culture work, molecular biology, and animal work proposed herein,, including a modern AKTA-FPLC system (Pharmacia) with a refractive index detector, a Benchtop Mini Flow Cytometry System (Mercury), an Infinite M-200 plate reader (Tecan), and a 2695 Alliance HPLC System (Waters). We also have access to direct and inverted light microscopes, a confocal microscope, and IVIS-Lumina Imaging System. The Faculty of Health Sciences has novel SFP animal facilities, and animals are kept housed and treated according to NIH regulations. 	Comment by Editor: Do you mean SPF (specific patogen-free)? What makes them novel?
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