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Interest in cancer immunotherapy has rapidly risen since it offers many advantages over traditional approaches, such as high efficiency and prevention of metastasis. Efforts have primarily focused on two major strategies for regulating the body's antitumor immune response mechanisms: “enhanced immunotherapy” that aims to amplify the immune activation, and “normalized immunotherapy” that corrects the defective immune mechanism in the tumor immune microenvironments (TIMEs), which returns to the normal immune trajectory. However, due to the complexity and heterogeneity of the TIMEs, and lack of visualization research on the immunotherapy process, cancer immunotherapy has not been widely used in clinical setting. Recently, through the design and modification of nanomaterials, intelligent TIME-responsive nanoplatforms were developed from which encouraging results in many aspects of immunotherapy have been achieved. In this mini review, the status of designed nanomaterials for nanoplatform-based immune regulation of TIMEs has been emphasized, particularly with respect to the aforementioned approaches. It is envisaged that future prospects will focus on a combination of multiple immunotherapies for more efficient cancer inhibition and elimination.
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INTRODUCTION

Immunotherapy, a fast-growing tumor treatment strategy, restarts and maintains the tumor-immunity cycle to restore the body's antitumor immune response, thereby controlling and eliminating tumors (Liu et al., 2019). However, many patients have experienced minimal or no clinical benefits in response to this strategy. This has been attributed to evaded and tolerant antitumor immune responses (Gajewski et al., 2013) via the following mechanisms: (i) resistance to an immune attack through dominant inhibitory effects of the immune system, including suppressive pathways in infiltrated-inflamed (I-I) tumor immune microenvironments (TIMEs), brought about by programmed death-ligand 1 (PD-L1) (Gadiot et al., 2011) and tumor-associated macrophage 2 (TAM2)-type macrophages (Goswami et al., 2017), and (ii) resistance to an immune attack through immune system exclusion or ignorance in infiltrated-excluded (I-E) TIMEs in which the immune system is unable to recognize or respond to a pathogen or malignancy (Evans et al., 2016). Thus, these tumors are considered to be poorly immunogenic or “cold” (Spranger, 2016). The core of this immunosuppressive environment established in tumors is oncogenes and abnormal pathway signals, which leads to the production of potent cytokines, chemokines, and numerous immunosuppressive immune cells, finally forming the TIMEs. Broad effects of factors directly affect the quality and character of the TIMEs, such as diet (Julia et al., 2015), adiposity, the microbiome and sex, and systemic inflammatory state of an individual.

Currently, TIMEs are divided into three classes according to recent human and mouse data, helping us understand how the immune composition and immune state affect cancer cells and immunotherapy. I-E TIMEs are flooded with immune cells, but relatively lacking in cytotoxic lymphocytes (CTL) in the core of the tumor. I-E TIMEs place CTLs at the invasion boundary of tumor tissue or cause them to sink into the fibrous nest. I-I TIMEs are characterized by the high infiltration of CTLs expressed by PD-1 and cancer cells expressed by PD-1 inhibitory ligand PD-L1. Tertiary lymphoid structures (TLSs)-TIME contains a large number of lymphocytes including naive and activated conventional T cells, regulatory T cells, B cells, and protruding cells. TLS-TIMEs are usually found in the margins and stroma of aggressive tumors (Binnewies et al., 2018). Analysis of the unique classes and subclasses of TIMEs can predict and guide immunotherapeutic responsiveness and reveal new therapeutic targets (Binnewies et al., 2018). According to different treatment principles, two strategies are available, namely, normalized and enhanced tumor immunity. The former aims to reduce the suppression signal of the immune system, while the latter induces the immune system's ability to kill heterogeneous cells (Sanmamed and Chen, 2018), thereby combating tumor immune therapeutic resistance.

Nanotechnology has been intensively investigated with respect to cancer immunotherapy. This is a key step toward creation of more effective immune responses with fewer negative implications in clinical and preclinical trials (Goldberg, 2019). Chemical modification of a nanoplatform (e.g., shape, surface charge, targeting, and responsive ability) for transport and biodistribution behavior (Figure 1) mainly focuses on (i) effective and precise delivery of immune drugs (immune antigens and cytokines, adjuvant) to targeted sites, and controlled drug release (Fan and Moon, 2015; Wang et al., 2020); (ii) optimization of the immune response to nano-tumor vaccines, enabling a variety of immune mechanisms to specifically attack and destroy cancer cells (Fu et al., 2018); (iii) regulation of immunosuppressive components of tumor immunity in the tumor microenvironment to normalize cancer immunotherapy for restoration of the lost antitumor immunity (Gao et al., 2019); and (iv) implementation of photothermal therapy (PTT) and photodynamic therapy (PDT), among others, to activate the body's immune system to improve the number and quality of antitumor immune responses, combined with cancer immunotherapy (Sang et al., 2019). However, TIME-responsive nanomaterials for cancer immunotherapy remain poorly investigated, and thus, there is scope for future work. In this minireview, the development of TIME-responsive nanomaterials has been assessed with respect to normalized and enhanced cancer immunotherapy, and perspectives for future applications are provided.
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FIGURE 1. Current main strategies on the fate of immunomodulators using nanotechnology with different parameters.




ENHANCEMENT OF CANCER IMMUNOTHERAPY

Since its inception, various types of immunotherapies have been employed to activate and increase the immune response via modulation of general regulatory and/or activatory mechanisms (Sanmamed and Chen, 2018), involving antigen processing, activation and expansion of naive T cells, and intensification of the effector phase of the immune response. Another approach is to use effector cells/molecules of the immune system to directly attack tumor cells, consisting of antibody therapy and its derivatives, including adoptive immune cell therapy (ACT) with genetically engineered T cells, and regulation of the phenotype of immune cells in TIMEs. With the development of drug-carrying nanotechnology, significantly more antitumor molecules such as antibodies, molecular vaccines, and cytokines can be selectively delivered to target sites for augmenting retention (Bertrand et al., 2014); this is assisted by folate-, transferrin-, mannose-, and antibody-conjugated nanomaterials (Huang et al., 2016) and is combined with the EPR effect. The discovery of new drugs such as ipilimumab has paved the way for active immunotherapy by eliminating residuals and advanced cancer with durable and long-lasting responses (Hodi et al., 2010; Baronzio et al., 2013).

The presence of TAM2 in the TIME inhibits the recruitment of effector T cells to the tumor core (Beatty et al., 2015). Additionally, IL-10 and TGF-β that are excreted by TAM2 macrophages can suppress adaptive immune responses and drive the differentiation of regulatory T cells (Tregs) (Liu et al., 2019). Utilization of biomarkers that are overexpressed on tumor-associated macrophages (TAMs) to design specific ligands, construct nanocarriers, and modify their targets to remodel the TIMEs has attracted much attention, especially with respect to the polarization from TAM2 to antitumor TAM1 macrophages (Goswami et al., 2017). Additionally, albumin nanoparticles that are modified with mannose and encapsulated with drugs such as regorafenib, target albumin-binding proteins such as secreted protein acidic and rich in cysteine (SPARC) overexpressed in tumor cells and the protumor TAM2, serving both as a delivery and therapeutic strategy. TAM2 is “reeducated” into the antitumor TAM1 by means of the interplay of the TAMs, Treg, and effector CD8+T cells, thereby reducing apoptosis (Zhao et al., 2018). Similarly, more multifunctional nanoprobes decorated with target markers and loaded with macrophage regulators have been utilized to remodel the TIMEs via reprogramming of TAMs and efficiently trigger macrophage-directed cancer immunotherapy (Ai et al., 2018; Nath et al., 2018). Interestingly, natural killer cell membranes that are carried with photosensitizer-embellished nanoparticles are used synergistically with photodynamic therapy and have been found to enhance M1-macrophage polarization, inhibiting the growth of primary and distant metastatic tumors (Deng et al., 2018).

ACT is an important part of cancer immunity. Nanoprobe-based regulation mainly focuses on pre-removal of tumor suppressor T cell recruitment factors such as TGF-β to activate the T cells (Zheng et al., 2017) and on normalization of tumor vasculature with vascular endothelial growth factor (VEGF) antibodies (Stephan et al., 2015). Additionally, nanoparticles have been found to enable ex vivo and in vivo T-cell proliferation, allowing the generation of effector T cells of high quality and quantity. Iron-dextran-derived artificial antigen-presenting cells (aAPCs) were used to selectively filter tumor-specific T cells from the naïve precursors by virtue of a magnetic force (Perica et al., 2015). Nanoprobes that were conjugated with fibronectin were utilized to activate T-cell proliferation, thereby increasing the T cell expansion rate (Perica et al., 2015). Furthermore, nanoprobes loaded with DNA were selectively connected to the T cells, resulting in expression of a defined leukemia-specific Chimeric Antigen Receptor (Smith et al., 2017).

However, the therapeutic effects of ACT are impaired by insufficient proliferation and inadequate T-cell activity in the immunosuppressive TIMEs (Mardiana et al., 2019). In contrast to immunotherapy in isolation, nanoplatform-based synergistic combination cancer immunotherapy allows for improved anticancer activity as it includes radiotherapy, chemotherapy, photothermal and photodynamic therapy, gene therapy (Sang et al., 2019), and magnetic hyperthermia therapy (Pan et al., 2020). In essence, this is also a measure for enhancement of immunity by means of exposing more tumor-associated antigens, promoting the recruitment and infiltration of more effector cells into tumor tissue, and generating long-term memory T cells to prevent tumor recurrence and metastasis. Additionally, switching non-T cell-inflamed into T-cell-inflamed TIMEs can contribute to subsequent effective immunological checkpoint blockade (ICB) therapy (Spranger, 2016).



NORMALIZATION OF CANCER IMMUNOTHERAPY

Compared with enhancement of cancer immunotherapy, normalized way harnesses the identification and correction of immune response deficiencies during tumor progression to further selectively restore natural antitumor immune capacity (Sanmamed and Chen, 2018). It is mainly comprised of ICB therapy, which has been widely recognized and used in clinical trials as it exhibits fewer side effects.

The B7-H1/programmed cell death-1 (PD-1) inhibitory pathway leads to the suppression of immune responses (Zou et al., 2016; Ribas and Wolchok, 2018). It has been approved for commercial use by the U.S. Food and Drug Administration (FDA) and used in clinical cancer immunotherapy (Liu et al., 2019). Accumulation and retention of checkpoint inhibitors that are encapsulated in nanoprobes within the tumor allows for enhanced efficacy (Meir et al., 2017). Furthermore, the αPD-L1 antibody combined with gold nanoparticles as the targeted marker has been harnessed to predict the benefits of anti-PD-1/PD-L1 immunotherapy through image-guided accumulation. Additionally, compared to free checkpoint inhibitors, nanomaterials loaded with PD-L1 can be decorated with tumor-targeting probes to decrease the dose while reducing side effects, and be sustainably released within the sites of interest (Teo et al., 2015; Wang C. et al., 2016). Furthermore, knockdown expression of the PD-1/PD-L1 pathway also enhances the efficacy of ICB (Shi et al., 2018). Small interfering RNA (siRNA) has been utilized to silence the PD-L1 pathway and for knockdown of PD-1 on tumor-infiltrated T cells to promote immunity against cancer and inhibit progression and metastasis of tumors (Borkner et al., 2010; Iwamura et al., 2012; Wang D. et al., 2016). Moreover, clinical trials indicate that anti-PD-1/PD-L1 combined with cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) blockade exerts a synergistic antitumor effect in melanoma and lung cancer (Chae et al., 2018). Additionally, the study of inhibitory signaling pathways independence of PD-1/PD-L1 in the TIMEs will provide new strategies for nanotechnology to adjust immune normalization, such as for fibrinogen-like protein 1 (FGL1)/lymphocyte-activation gene 3 (LAG-3) (Wang et al., 2019), and the v-set immunoglobulin domain suppressor of T cell activation (VISTA) pathway (ElTanbouly et al., 2019; Mahoney and Freeman, 2020).



CONCLUSIONS AND FUTURE PERSPECTIVES

The urgent demand for effective cancer immunotherapy strategies has attracted attention in the field of biomaterials science, immunity, and molecular imaging (Liu et al., 2019). Following decades of progress, anti-TIME responses assisted by artificial nanoplatforms have been harnessed, and this is a fundamental strategy in cancer immunotherapy. However, within the development of these artificial nanomaterials, there are still many unexplored opportunities, and technical issues and scientific challenges remain to be addressed. This minireview highlights current difficulties in cancer immunotherapy and the advantages of applying nanotechnology to address immune escape and rejection. Based on previous studies (Binnewies et al., 2018), herein, we would like to provide some key points and perspectives on nanomaterial design for an effective immunological response (Figure 2). These are as follows:

1) A deeper understanding of the TIMEs can better reveal advanced biomarkers for designing nanoplatforms to exert antitumor immunotherapy. The rich immunosuppression mechanism in the tumor makes it difficult for a single treatment to standalone. The development of new tumor immune escape mechanism pathways provides more immunological checkpoint blockade targets, such as FGL1/LAG-3 and VISTA. The controlled release and multidirectional carrying characteristics of targeted nanoplatforms can comprehensively inhibit multiple immune pathways, making ICB more effective. In addition, the I-E TIMEs result in poor therapeutic effect and require warming prior to combination with other therapies, providing new ideas for effective treatment.

2) Future prospects may involve rational combination of immunotherapies with other treatments for more efficient cancer inhibition and elimination. Generally, the immune system of the patient with cancer is normal, and the focus is on the mode of usage of the composite and intelligent nanomaterials to better tune the body's immune defense to eliminate the tumor. Hence, during the design of a nanomaterial, the combination of multiple treatment methods should be considered.

3) The enhanced immune strategy frequently leads to immune-related adverse events (irAEs). To promote basic to clinical conversion, safety of nanotechnology and side effects of immunity must be comprehensively evaluated (Sanmamed and Chen, 2018).
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FIGURE 2. Future outlooks for effective immunological response harnessing TIME-responsive nanomaterial.


As a collaborative study, we believe that the use of nanotechnology to achieve higher objective response rates with fewer irAEs is a promising approach. Additionally, it is envisaged that the steady development of such nanomaterials will improve the quality of life for patients with cancer and certainly promote the transformation of cancer immunotherapy from a basic study to clinical application.



AUTHOR CONTRIBUTIONS

XS and TJ contributed equally this work. DN, ZY, and HZ are the corresponding authors. All the authors contribute to writing this manuscript.



FUNDING

This work was financially supported by the National Natural Science Foundation of China Research (Grant No. 81671732) and the Youth Fund of the Affiliated Hospital of Qingdao University.



ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.com) for English language editing.



REFERENCES

 Ai, X., Hu, M., Wang, Z., Lyu, L., Zhang, W., Li, J., et al. (2018). Enhanced cellular ablation by attenuating hypoxia status and reprogramming tumor-associated macrophages via NIR light-responsive upconversion nanocrystals. Bioconjug. Chem. 29, 928–938. doi: 10.1021/acs.bioconjchem.8b00068

 Baronzio, G., Parmar, G., Ballerini, M., Kiselevsky, M., Cassuti, V., Irina, Zh S., et al. (2013). Update on the challenges and recent advances in cancer immunotherapy. Immunotargets Ther. 2:39. doi: 10.2147/itt.s30818

 Beatty, G. L., Winograd, R., Evans, R. A., Long, K. B., Luque, S. L., Lee, J. W., et al. (2015). Exclusion of T cells from pancreatic carcinomas in mice is regulated by Ly6C(low) F4/80(+) extratumoral macrophages. Gastroenterology 149, 201–210. doi: 10.1053/j.gastro.2015.04.010

 Bertrand, N., Wu, J., Xu, X., Kamaly, N., and Farokhzad, O. C. (2014). Cancer nanotechnology: the impact of passive and active targeting in the era of modern cancer biology. Adv. Drug Deliv. Rev. 66, 2–25. doi: 10.1016/j.addr.2013.11.009

 Binnewies, M., Roberts, E. W., Kersten, K., Chan, V., Fearon, D. F., Merad, M., et al. (2018). Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat. Med. 24, 541–550. doi: 10.1038/s41591-018-0014-x

 Borkner, L., Kaiser, A., van de Kasteele, W., Andreesen, R., Mackensen, A., Haanen, J. B., et al. (2010). RNA interference targeting programmed death receptor-1 improves immune functions of tumor-specific T cells. Cancer Immunol. Immunother. 59, 1173–1183. doi: 10.1007/s00262-010-0842-0

 Chae, Y. K., Arya, A., Iams, W., Cruz, M. R., Chandra, S., Choi, J., et al. (2018). Current landscape and future of dual anti-CTLA4 and PD-1/PD-L1 blockade immunotherapy in cancer; lessons learned from clinical trials with melanoma and non-small cell lung cancer (NSCLC). J. Immunother. Cancer 6:39. doi: 10.1186/s40425-018-0349-3

 Deng, G., Sun, Z., Li, S., Peng, X., Li, W., Zhou, L., et al. (2018). Cell-membrane immunotherapy based on natural killer cell membrane coated nanoparticles for the effective inhibition of primary and abscopal tumor growth. ACS Nano 12, 12096–12108. doi: 10.1021/acsnano.8b05292

 ElTanbouly, M. A., Croteau, W., Noelle, R. J., and Lines, J. L. (2019). VISTA: a novel immunotherapy target for normalizing innate and adaptive immunity. Semin. Immunol. 42:101308. doi: 10.1016/j.smim.2019.101308

 Evans, R. A., Diamond, M. S., Rech, A. J., Chao, T., Richardson, M. W., Lin, J. H., et al. (2016). Lack of immunoediting in murine pancreatic cancer reversed with neoantigen. JCI Insight 1:e88328. doi: 10.1172/jci.insight.88328

 Fan, Y., and Moon, J. J. (2015). Nanoparticle drug delivery systems designed to improve cancer vaccines and immunotherapy. Vaccines 3, 662–685. doi: 10.3390/vaccines3030662

 Fu, B., Huang, X., Deng, J., Gu, D., Mei, Q., Deng, M., et al. (2018). Application of multifunctional nanomaterials in cancer vaccines (Review). Oncol. Rep. 39, 893–900. doi: 10.3892/or.2018.6206

 Gadiot, J., Hooijkaas, A. I., Kaiser, A. D. M., van Tinteren, H., van Boven, H., and Blank, C. (2011). Overall survival and PD-L1 expression in metastasized malignant melanoma. Cancer 117, 2192–2201. doi: 10.1002/cncr.25747

 Gajewski, T. F., Schreiber, H., and Fu, Y. X. (2013). Innate and adaptive immune cells in the tumor microenvironment. Nat. Immunol. 14, 1014–1022. doi: 10.1038/ni.2703

 Gao, S., Yang, D., Fang, Y., Lin, X., Jin, X., Wang, Q., et al. (2019). Engineering nanoparticles for targeted remodeling of the tumor microenvironment to improve cancer immunotherapy. Theranostics 9, 126–151. doi: 10.7150/thno.29431

 Goldberg, M. S. (2019). Improving cancer immunotherapy through nanotechnology. Nat. Rev. Cancer 19, 587–602. doi: 10.1038/s41568-019-0186-9

 Goswami, K. K., Ghosh, T., Ghosh, S., Sarkar, M., Bose, A., and Baral, R. (2017). Tumor promoting role of anti-tumor macrophages in tumor microenvironment. Cell. Immunol. 316, 1–10. doi: 10.1016/j.cellimm.2017.04.005

 Hodi, F. S., O'Day, S. J., McDermott, D. F., Weber, R. W., Sosman, J. A., Haanen, J. B., et al. (2010). Improved survival with ipilimumab in patients with metastatic melanoma. N. Engl. J. Med. 363, 711–723. doi: 10.1056/NEJMoa1003466

 Huang, W.-C., Burnouf, P.-A., Su, Y.-C., Chen, B.-M., Chuang, K.-H., Lee, C.-W., et al. (2016). Engineering chimeric receptors to investigate the size- and rigidity-dependent interaction of PEGylated nanoparticles with cells. ACS Nano 10, 648–662. doi: 10.1021/acsnano.5b05661

 Iwamura, K., Kato, T., Miyahara, Y., Naota, H., Mineno, J., Ikeda, H., et al. (2012). siRNA-mediated silencing of PD-1 ligands enhances tumor-specific human T-cell effector functions. Gene Ther. 19, 959–966. doi: 10.1038/gt.2011.185

 Julia, V., Macia, L., and Dombrowicz, D. (2015). The impact of diet on asthma and allergic diseases. Nat. Rev. Immunol. 15, 308–322. doi: 10.1038/nri3830

 Liu, J., Zhang, R., and Xu, Z. P. (2019). Nanoparticle-based nanomedicines to promote cancer immunotherapy: recent advances and future directions. Small 15, 1–21. doi: 10.1002/smll.201900262

 Mahoney, K. M., and Freeman, G. J. (2020). Acidity changes immunology: a new VISTA pathway. Nat. Immunol. 21, 13–16. doi: 10.1038/s41590-019-0563-2

 Mardiana, S., Solomon, B. J., Darcy, P. K., and Beavis, P. A. (2019). Supercharging adoptive T cell therapy to overcome solid tumor-induced immunosuppression. Sci. Transl. Med. 11:eaaw2293. doi: 10.1126/scitranslmed.aaw2293

 Meir, R., Shamalov, K., Sadan, T., Motiei, M., Yaari, G., Cohen, C. J., et al. (2017). Fast image-guided stratification using anti-programmed death ligand 1 gold nanoparticles for cancer immunotherapy. ACS Nano 11, 11127–11134. doi: 10.1021/acsnano.7b05299

 Nath, A., Pal, R., Singh, L. M., Saikia, H., Rahaman, H., Ghosh, S. K., et al. (2018). Gold-manganese oxide nanocomposite suppresses hypoxia and augments pro-inflammatory cytokines in tumor associated macrophages. Int. Immunopharmacol. 57, 157–164. doi: 10.1016/j.intimp.2018.02.021

 Pan, J., Hu, P., Guo, Y., Hao, J., Ni, D., Xu, Y., et al. (2020). Combined magnetic hyperthermia and immune therapy for primary and metastatic tumor treatments. ACS Nano 14, 1033–1044. doi: 10.1021/acsnano.9b08550

 Perica, K., Bieler, J. G., Schütz, C., Varela, J. C., Douglass, J., Skora, A., et al. (2015). Enrichment and expansion with nanoscale artificial antigen presenting cells for adoptive immunotherapy. ACS Nano 9, 6861–6871. doi: 10.1021/acsnano.5b02829

 Ribas, A., and Wolchok, J. D. (2018). Cancer immunotherapy using checkpoint blockade. Science 359, 1350–1355. doi: 10.1126/science.aar4060

 Sang, W., Zhang, Z., Dai, Y., and Chen, X. (2019). Recent advances in nanomaterial-based synergistic combination cancer immunotherapy. Chem. Soc. Rev. 48, 3771–3810. doi: 10.1039/c8cs00896e

 Sanmamed, M. F., and Chen, L. (2018). A paradigm shift in cancer immunotherapy: from enhancement to normalization. Cell 175, 313–326. doi: 10.1016/j.cell.2018.09.035

 Shi, X., Zhang, X., Li, J., Mo, L., Zhao, H., Zhu, Y., et al. (2018). PD-1 blockade enhances the antitumor efficacy of GM-CSF surface-modified bladder cancer stem cells vaccine. Int. J. Cancer 142, 2106–2117. doi: 10.1002/ijc.31219

 Smith, T. T., Stephan, S. B., Moffett, H. F., McKnight, L. E., Ji, W., Reiman, D., et al. (2017). In situ programming of leukaemia-specific T cells using synthetic DNA nanocarriers. Nat. Nanotechnol. 12, 813–820. doi: 10.1038/nnano.2017.57

 Spranger, S. (2016). Mechanisms of tumor escape in the context of the T-cell-inflamed and the non-T-cell-inflamed tumor microenvironment. Int. Immunol. 28, 383–391. doi: 10.1093/intimm/dxw014

 Stephan, S. B., Taber, A. M., Jileaeva, I., Pegues, E. P., Sentman, C. L., and Stephan, M. T. (2015). Biopolymer implants enhance the efficacy of adoptive T-cell therapy. Nat. Biotechnol. 33, 97–101. doi: 10.1038/nbt.3104

 Teo, P. Y., Yang, C., Whilding, L. M., Parente-Pereira, A. C., Maher, J., George, A. J. T., et al. (2015). Ovarian cancer immunotherapy using PD-L1 siRNA targeted delivery from folic acid-functionalized polyethylenimine: strategies to enhance T cell killing. Adv. Healthc. Mater. 4, 1180–1189. doi: 10.1002/adhm.201500089

 Wang, C., Ye, Y., Hochu, G. M., Sadeghifar, H., and Gu, Z. (2016). Enhanced cancer immunotherapy by microneedle patch-assisted delivery of anti-PD1 antibody. Nano Lett. 16, 2334–2340. doi: 10.1021/acs.nanolett.5b05030

 Wang, D., Wang, T., Liu, J., Yu, H., Jiao, S., Feng, B., et al. (2016). Acid-activatable versatile micelleplexes for PD-L1 blockade-enhanced cancer photodynamic immunotherapy. Nano Lett. 16, 5503–5513. doi: 10.1021/acs.nanolett.6b01994

 Wang, J., Sanmamed, M. F., Datar, I., Su, T. T., Ji, L., Sun, J., et al. (2019). Fibrinogen-like protein 1 is a major immune inhibitory ligand of LAG-3. Cell 176, 334–347.e12. doi: 10.1016/j.cell.2018.11.010

 Wang, J., Yang, T., and Xu, J. (2020). Therapeutic development of immune checkpoint inhibitors. Adv. Exp. Med. Biol. 1248, 619–649. doi: 10.1007/978-981-15-3266-5_23

 Zhao, P., Wang, Y., Kang, X., Wu, A., Yin, W., Tang, Y., et al. (2018). Dual-targeting biomimetic delivery for anti-glioma activity via remodeling the tumor microenvironment and directing macrophage-mediated immunotherapy. Chem. Sci. 9, 2674–2689. doi: 10.1039/c7sc04853j

 Zheng, Y., Tang, L., Mabardi, L., Kumari, S., and Irvine, D. J. (2017). Enhancing adoptive cell therapy of cancer through targeted delivery of small-molecule immunomodulators to internalizing or noninternalizing receptors. ACS Nano 11, 3089–3100. doi: 10.1021/acsnano.7b00078

 Zou, W., Wolchok, J. D., and Chen, L. (2016). PD-L1 (B7-H1) and PD-1 pathway blockade for cancer therapy: Mechanisms, response biomarkers, and combinations. Sci. Transl. Med. 8:328rv4. doi: 10.1126/scitranslmed.aad7118

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer HP declared a shared affiliation, though no other collaboration, with one of the authors ZT to the handling editor.

Copyright © 2020 Sui, Jin, Liu, Wu, Wu, Tang, Ren, Ni, Yao and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Tumor Immune Microenvironments (TIMEs): Responsive Nanoplatforms for Antitumor Immunotherapy



		Introduction



		Enhancement of Cancer Immunotherapy



		Normalization of Cancer Immunotherapy



		Conclusions and Future Perspectives



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Chemistry

Tumor Immune Microenvironments
(TIMEs): Responsive Nanoplatforms
for Antitumor Immunotherapy





OPS/images/fchem-08-00804-g001.gif
Prolonged Blood Circulation

Sas oy

%%,,
Gy |

hinged Celuls iteralizaion






OPS/images/fchem-08-00804-g002.gif
Normalized
immunotherapy










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





