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Figure 1 (Color online) Schematic graph of the minimalist design of the PC7A nanovaccine
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Figure 2 (Color online) Schematic illustration of the design for personalized sHDL nanodisc cancer vaccines
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Figure 3 (Color online) Schematic graph of spontaneous assembly of MSRs
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Figure 4 (Color online) Schematic graph of the T-cell-targeted DNA nanocarrier for lymphocyte-programming
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cytotoxic killing

Effector
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Figure S (Color online) Schematic graph illustrating the design of the mBiNE and the proposed action mechanisms
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2) T-cell activation
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Figure 6 (Color online) Schematic graph of applying AC-NPs to improve cancer immunotherapy
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o lONAE A T b T R E AR S B, (ER B
XGRS P IE FAFAER A R MR R, $2 i T BA
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F LA 2. Bk T S X R R B v R i 1
JRLFN A=A o BN TR Z A, i 7 8 it i e 4 3
T IR B K B 9eE 51 3 K B 45 (tumor-draining  lymph
node, TDLN)f2%5 &1 41 fifg S0 5TV Ay G e ok 144
Wy HEAY BT, 23 BEL 1k G 05 A0 9 3 ) PR A0 O,
1117 5 3 T AT LA e il A e e R L) 200 i A/ T ok
oL Pl R 4 SRR BT ), AR v A B 1 B 0
SRINT, A L4 KB A R S ey 2 E 1] e PR, 5
BRI, AV RS PR

HAE, W TEETAOREOR 5 Wik 1k, 5 2R
% LB AR OB KT AR R, B AR 10~40 nm
4 /DN 90 K R B 25 B A K L 25 T R AR, S AT RE B

541



4 % B & 2018528 #6345 H56H

APCHEHL, (HJEA 32y A%, H 78 To 7 ny s ol
T, Tor ST BRI S 00 AN, B
SRR 0] 38 06 A K T LA R R >4 AR £ 1Y) e g2
PO TR S B IR RE R B ) e B N 28, (HL R X BB gl oK
HARB AR A B T RE L 2 5B A5 F sy . P It 7R 28
AR BERE L, WEMREINL eSO E, W
PR I 1AL T 4 3 A 41 i A 3R -6(Interleukin,
IL-6) B /K207 I HARE H A= Wb A 1 L S se
FARE B8 BT A B R M e S Ao A A 7= 20,

T3 — T, FHE T YK ER 0 g AE S BE VR T
TN iE s . AR, RIS RE RS
YEFH . S5 N B A5 AL BT (0 45 T T 10591 (H 2 %0
PEM ZAEAEE 2. TEREERIT it f v, so ik iig
77 A B T A0 LA 6115 5 % 4k A= K I 7 -B(transforming
growth factor, TGF-B), B H K37 1k 9 T4H il 2R3k 1Y
CTLA-4, #F1] fE S B At sz ", Wiy, AT
B B AN RO, LR ) T AR 2k A R
i) R A S L P S N S iR b @
TAEG, VARSI AP AR S AR T R R R
PG ETOE R B2 A, X I e T2 M S5 1 4 ) RV
I7, U5 IORE P 0 S0 LA SE e e AR, DA Bk e
PET 2.

R, fape TR 24 B 28 kil T 5 /B
3, M A2 B A 1T RE T AR MBI G TT H A2 45 10 R
N Vi NV SRR 1o o 17 NS U A 1]
wn, R AEE TR (focused ion beam, FIB)WMA% 57 #r

RPN

T Jih 968 T B B8 R I VA P T A 22 A () A i 2
PR PR GOK ER BT R G TE WL R S TSR LI 2
i (positron emission computed tomography, PET)5
G2 WX I ARG B 4 7, B2 H Luminex iiUAH
0 g AR BT A A R L X SR T 0K
Fe AR T ke, Avn =2 MR | e E A 2 I BEE I
(enzyme-linked immuno sorbent assay, ELISA)Z:5 4
Rl g A b, FTRAEEST | LA 2 AR TS
It H R PR TN A2 2% () e B R GE, DA B A 50l
P IR YT R

WA, Gne] i 7 X L g oK 2 T BRI R FS Ak i
AT I ) i R i, AT 2 14 A 7 T LA e A IR b s /044
KAL) 2530, AR A il FAE 7= T2 2 K
L. B, 3DFTEIFRA: B 2F A — R, AR
i S TR 7 A B KRR X, 2 (A5 4 5 4 i K]
T R A R 4T R R % R A T BIORS HET, R LA
Jof FF B RS AR AR R s A TR A N R .
A5 R o7 A 2 20 A R 2 X3 — ik L 4 U4,

o T NG VA AR T VR R, R AR AT
b YA A M AN TR, AR AR L
R B w5 MR B W A8, B i ST VA TR, S
BEA 1097, R 3 IR SR 5 7 A B i s, D% AR
. BEE KRB BRI & T, e FR i A W o
. YURERIRG SRR YT TR 2 I . 1697 DL &
TR A 7 R S A B R R M. Rtk, A 9Kk,
AR AE e T AR — > J7 2% R 3L 45

1 Robert C, Long G V, Brady B, et al. Nivolumab in previously untreated melanoma without BRAF mutation. N Engl J Med, 2015, 372:

320-330

2 Topalian S L, Weiner G J, Pardoll D M. Cancer immunotherapy comes of age. J Clin Oncol, 2011, 29: 4828-4836

3 Chen D S, Mellman I. Oncology meets immunology: The cancer-immunity cycle. Immunity, 2013, 39: 1-10

Krummel M F, Allison J P. CD28 and CTLA-4 have opposing effects on the response of T cells to stimulation. J Exp Med, 1995, 182:

Quezada S A, Peggs K S, Curran M A, et al. CTLA4 blockade and GM-CSF combination immunotherapy alters the intratumor balance of

Brahmer J R, Horn L, Gandhi L, et al. Nivolumab (anti-PD-1, BMS-936558, ONO-4538) in patients (pts) with advanced non-small-cell

Brahmer J, Reckamp K L, Baas P, et al. Nivolumab versus docetaxel in advanced squamous-cell non-small-cell lung cancer. N Engl J

Gross G, Waks T, Eshhar Z. Expression of immunoglobulin-T-cell receptor chimeric molecules as functional receptors with anti-

4

459-465
5

effector and regulatory T cells. J Clin Invest, 2006, 116: 1935-1945
[§

lung cancer (NSCLC): Survival and clinical activity by subgroup analysis. Trans Lung Cancer Res, 2014: 8112
7

Med, 2015, 373: 123-135
8

body-type specificity. Proc Natl Acad Sci USA, 1989, 86: 10024—-10028
9

542

Rosenberg S A, Yang J C, Sherry R M, et al. Durable complete responses in heavily pretreated patients with metastatic melanoma using
T-cell transfer immunotherapy. Clin Cancer Res, 2011, 17: 4550-4557



10
11

12

13

14

15

16

17

18

19

20

21

22
23

24
25

26
27

28

29

30

31

32

33
34

35

36

37

Rosenberg S A, Restifo N P. Adoptive cell transfer as personalized immunotherapy for human cancer. Science, 2015, 348: 62-68

Lee D W, Kochenderfer J N, Stetler-Stevenson M, et al. T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic
leukaemia in children and young adults: A phase 1 dose-escalation trial. Lancet, 2015, 385: 517-528

Walunas T L, Lenschow D J, Bakker C Y, et al. CTLA-4 can function as a negative regulator of T cell activation. Immunity, 1994, 1:
405-413

Bourquin C, Anz D, Zwiorek K, et al. Targeting CpG oligonucleotides to the lymph node by nanoparticles elicits efficient antitumoral
immunity. J Immunol, 2008, 181: 2990-2998

Curran K J, Seinstra B A, Nikhamin Y, et al. Enhancing antitumor efficacy of chimeric antigen receptor T cells through constitutive
CDA40L expression. Mol Ther, 2015, 23: 769-778

Davila M L, Brentjens R, Wang X, et al. How do CARs work? Early insights from recent clinical studies targeting CD19. Oncoim-
munology, 2012, 1: 1577-1583

Frey N V, Levine B L, Lacey S F, et al. Refractory cytokine release syndrome in recipients of chimeric antigen receptor (CAR) T cells.
Blood, 2014, 124: 2296

Kantoff P W, Higano C S, Shore N D, et al. Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N Engl J Med, 2010,
363: 411-422

Topalian S L, Hodi F S, Brahmer J R, et al. Safety, activity, and immune correlates of anti—PD-1 antibody in cancer. N Engl J Med, 2012,
2012: 2443-2454

Park J H, Riviere I, Wang X, et al. Efficacy and safety of CD19-targeted 19-28z CAR modified T cells in adult patients with relapsed or
refractory B-ALL. Sci Transl Med, 2015, 6: 224-225

Lee D W, Gardner R, Porter D L, et al. Current concepts in the diagnosis and management of cytokine release syndrome. Blood, 2014,
124: 188-195

Maude S L, Barrett D, Teachey D T, et al. Managing cytokine release syndrome associated with novel T cell-engaging therapies. Cancer
J, 2014, 20: 119-122

Stewart M P, Sharei A, Ding X, et al. In vitro and ex vivo strategies for intracellular delivery. Nature, 2016, 538: 183-192

Fromen C A, Rahhal T B, Robbins G R, et al. Nanoparticle surface charge impacts distribution, uptake and lymph node trafficking by
pulmonary antigen-presenting cells. Int J Nanomed, 2016, 12: 677-687

Irvine D J, Swartz M A, Szeto G L. Engineering synthetic vaccines using cues from natural immunity. Nat Mater, 2013, 12: 978-990
Van der Burg S H, Arens R, Ossendorp F, et al. Vaccines for established cancer: overcoming the challenges posed by immune evasion.
Nat Rev Cancer, 2016, 16: 219-233

Chow E K H, Ho D. Cancer nanomedicine: From drug delivery to imaging. Sci Transl Med, 2013, 5: 216rv4

Ernsting M J, Murakami M, Roy A, et al. Factors controlling the pharmacokinetics, biodistribution and intratumoral penetration of na-
noparticles. J Control Release, 2013, 172: 782-794

Garu A, Moku G, Gulla S K, et al. Genetic immunization with in vivo dendritic cell-targeting liposomal DNA vaccine carrier induces
long-lasting antitumor immune response. Mol Ther, 2016, 24: 385-397

Hodi F S, O'day S J, McDermott D F, et al. Improved survival with ipilimumab in patients with metastatic melanoma. N Engl J Med,
2010, 363: 711-723

Chandran S S, Somerville R P, Yang J C, et al. Treatment of metastatic uveal melanoma with adoptive transfer of tumour-infiltrating
lymphocytes: A single-centre, two-stage, single-arm, phase 2 study. Lancet oncology, 2017, 18: 792-802

Tran E, Turcotte S, Gros A, et al. Cancer immunotherapy based on mutation-specific CD4" T Cells in a patient with epithelial cancer.
Science, 2014, 344: 641-645

Zhang P, Coté A L, de Vries V C, et al. Induction of postsurgical tumor immunity and T-cell memory by a poorly immunogenic tumor.
Cancer Res, 2007, 67: 6468-6476

Zitvogel L, Apetoh L, Ghiringhelli F, et al. Immunological aspects of cancer chemotherapy. Nat Rev Immunol, 2008, 8: 59-73
Martin-Bertelsen B, Korsholm K S, Roces C B, et al. Nano-self-assemblies based on synthetic analogues of mycobacterial monomy-
coloyl glycerol and DDA: Supramolecular structure and adjuvant efficacy. Mol Pharm, 2016, 13: 2771-2781

Audran R, Peter K, Dannull J, et al. Encapsulation of peptides in biodegradable microspheres prolongs their MHC class-I presentation by
dendritic cells and macrophages in vitro. Vaccine, 2003, 21: 1250-1255

Cruz L J, Tacken P J, Rueda F, et al. Targeting nanoparticles to dendritic cells for immunotherapy. Methods Enzymol, 2012, 509:
143-163

Sunshine J C, Perica K, Schneck J P, et al. Particle shape dependence of CD8" T cell activation by artificial antigen presenting cells.
Biomaterials, 2014, 35: 269-277



4 % B & 2018528 #6345 H56H

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63
64

Kebriaei P, Huls H, Singh H, et al. Adoptive therapy using sleeping beauty gene transfer system and artificial antigen presenting cells to
manufacture T cells expressing CD19-specific chimeric antigen receptor. Blood, 2014, 124: 311

Xie J, Yang C, Liu Q, et al. Encapsulation of hydrophilic and hydrophobic peptides into hollow mesoporous silica nanoparticles for en-
hancement of antitumor immune response. Small, 2017, 13: 1-18

Zhuang X, Wu T, Zhao Y, et al. Lipid-enveloped zinc phosphate hybrid nanoparticles for codelivery of H-2K® and H-2D"-restricted an-
tigenic peptides and monophosphoryl lipid A to induce antitumor immunity against melanoma. J Control Release, 2016, 228: 26-37

Guo Y, Wang D, Song Q, et al. Erythrocyte membrane-enveloped polymeric nanoparticles as nanovaccine for induction of antitumor
immunity against melanoma. ACS Nano, 2015, 9: 6918-6933

Luo M, Wang H, Wang Z, et al. A STING-activating nanovaccine for cancer immunotherapy. Nat Nanotechnol, 2017, 12: 648-654

Kuai R, Ochyl L J, Bahjat K S, et al. Designer vaccine nanodiscs for personalized cancer immunotherapy. Nat Mater, 2017, 16: 489-496
Li M O, Rudensky A Y. T cell receptor signalling in the control of regulatory T cell differentiation and function. Nat Rev Immunol,
2016, 16: 220-233

Ali O A, Emerich D, Dranoff G, et al. In situ regulation of DC subsets and T cells mediates tumor regression in mice. Sci Transl Med,
2009, 1: 8ral9

Kim J, Li W A, Choi Y, et al. Injectable, spontaneously assembling, inorganic scaffolds modulate immune cells in vivo and increase
vaccine efficacy. Nat Biotechnol, 2015, 33: 64-72

Stephan S B, Taber A M, Jileaeva I, et al. Biopolymer implants enhance the efficacy of adoptive T-cell therapy. Nat Biotechnol, 2015,
33:97-101

Stephan M T, Moon J J, Um S H, et al. Therapeutic cell engineering with surface-conjugated synthetic nanoparticles. Nat Med, 2010, 16:
1035-1041

Zheng Y, Stephan M T, Gai S A, et al. In vivo targeting of adoptively transferred T-cells with antibody-and cytokine-conjugated lipo-
somes. J Control Release, 2013, 172: 426435

Smith T T, Stephan S B, Moffett H F, et al. In situ programming of leukaemia-specific T cells using synthetic DNA nanocarriers. Nat
Nanotechnol, 2017, 12: 813-820

Zanganeh S, Hutter G, Spitler R, et al. Iron oxide nanoparticles inhibit tumour growth by inducing pro-inflammatory macrophage polar-
ization in tumour tissues. Nat Nanotechnol, 2016, 11: 986-994

Park J, Wysocki R W, Amoozgar Z, et al. Cancer cells induce metastasis-supporting neutrophil extracellular DNA traps. Sci Transl Med,
2016, 8: 361ral38

Yuan H, Jiang W, von Roemeling C A, et al. Multivalent bi-specific nanobioconjugate engager for targeted cancer immunotherapy. Nat
Nanotechnol, 2017, 12: 763-769

Zhang H, Zhi C, Gao X. Polyethyleneimine-functionalized boron nitride nanospheres as an efficient carrier for enhancing the im-
munostimulatory effect of CpG oligodeoxynucleotides. Int J] Nanomedicine, 2015, 12: 5343-5353

Kwong B, Gai S A, Elkhader J, et al. Localized immunotherapy via liposome-anchored Anti-CD137* IL-2 prevents lethal toxicity and
elicits local and systemic antitumor immunity. Cancer Res, 2013, 73: 1547-1558

Kwong B, Liu H, Irvine D J. Induction of potent anti-tumor responses while eliminating systemic side effects via liposome-anchored
combinatorial immunotherapy. Biomaterials, 2011, 32: 5134-5147

Min Y, Roche K C, Tian S, et al. Antigen-capturing nanoparticles improve the abscopal effect and cancer immunotherapy. Nat Nano-
technol, 2017, 12: 877-882

He C, Duan X, Guo N, et al. Core-shell nanoscale coordination polymers combine chemotherapy and photodynamic therapy to potentiate
checkpoint blockade cancer immunotherapy. Nat Commun, 2016, 7: 12499

Chen Q, Xu L, Liang C, et al. Photothermal therapy with immune-adjuvant nanoparticles together with checkpoint blockade for effective
cancer immunotherapy. Nat Commun, 2016, 7: 13193

Xue J, Zhao Z, Zhang L, et al. Neutrophil-mediated anticancer drug delivery for suppression of postoperative malignant glioma recur-
rence. Nat Nanotechnol, 2017, 12: 692-700

Yuba E, Tajima N, Yoshizaki Y, et al. Dextran derivative-based pH-sensitive liposomes for cancer immunotherapy. Biomaterials, 2014,
35:3091-3101

Fridman W H, Pages F, Sautes-Fridman C, et al. The immune contexture in human tumours: Impact on clinical outcome. Nat Rev Cancer,
2012, 12: 298-306

Suematsu S, Watanabe T. Generation of a synthetic lymphoid tissue-like organoid in mice. Nat Biotechnol, 2004, 22: 1539-1545
Brentjens R J, Latouche J B, Santos E, et al. Eradication of systemic B-cell tumors by genetically targeted human T lymphocytes
co-stimulated by CD80 and interleukin-15. Nat Med, 2003, 9: 279-286



65
66

67
68

69

70

71

72
73

74

Swartz M A, Hirosue S, Hubbell J A. Engineering approaches to immunotherapy. Sci Transl Med, 2012, 4: 148rv9

Rodriguez P L, Harada T, Christian D A, et al. Minimal “Self” peptides that inhibit phagocytic clearance and enhance delivery of nano-
particles. Science, 2013, 339: 971-975

Cho K, Wang X, Nie S, et al. Therapeutic nanoparticles for drug delivery in cancer. Clin Cancer Res, 2008, 14: 1310-1316

Zamboni W C, Torchilin V, Patri A K, et al. Best practices in cancer nanotechnology: Perspective from NCI nanotechnology alliance.
Clin Cancer Res, 2012, 18: 3229-3241

Swartz M A, Lund A W. Lymphatic and interstitial flow in the tumour microenvironment: linking mechanobiology with immunity. Nat
Rev Cancer, 2012, 12: 210-219

Kanapathipillai M, Mammoto A, Mammoto T, et al. Inhibition of mammary tumor growth using lysyl oxidase-targeting nanoparticles to
modify extracellular matrix. Nano Lett, 2012, 12: 3213-3217

Boutros C, Tarhini A, Routier E, et al. Safety profiles of anti-CTLA-4 and anti-PD-1 antibodies alone and in combination. Nat Rev Clin
Oncol, 2016, 13: 473-486

Goldberg M S. Immunoengineering: How nanotechnology can enhance cancer immunotherapy. Cell, 2015, 161: 201-204

Zhu W, Holmes B, Glazer R I, et al. 3D printed nanocomposite matrix for the study of breast cancer bone metastasis. Int J Nanomed,
2016, 12: 69-79

Gros A, Robbins P F, Xin Y, et al. PD-1 identifies the patient-specific CD8" tumor-reactive repertoire infiltrating human tumors. J Clin
Invest, 2014, 124: 2246-2259

545



4 % B & 20184528 #63% #5648

Summary for “F) F 4K AR B RIE R EER T SCR I Sk R

Advances in enhancing cancer immunotherapy by
nanotechnology

Nisi Zhang, Yiming Zhou & Zhifei Dai"

Department of Biomedical Engineering, College of Engineering, Peking University, Beijing 100871, China
* Corresponding author, E-mail: zhifei.dai @pku.edu.cn

To date, the preliminary research for understanding the underlying cancer etiology has made great progress. However,
due to the heterogeneity of cancer and the complexity of tumor microenvironment, as well as the evasion of tumor cells
from the immune surveillance, only a few people are rehabilitated with the eradicative cancer therapy so far. In the recent
few years, the immunotherapy to stimulate the immune response or inhibit the immunosuppression against cancer has
achieved unprecedented efficacy in refractory patients. There are two main streams of the immunoregulation for cancer
treatment, immune checkpoint monoclonal antibodies (mAbs) and adoptive cell therapy (ACT). Nowadays, three kinds
of checkpoints-blockade inhibitors, cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed cell death protein-1
(PD-1)/PD-L1 mAbs, have been approved by the United States Food and Drug Administration (FDA) to treat several
types of cancer in clinic, including melanoma, non-small cell lung cancer, renal cell carcinoma and leukemia. Although
the current cancer immunotherapy can successfully lead to durable outcomes, the therapeutic effect is still limited and
patients are even suffering from the adverse reactions. Thus, it is urgent to develop a localized and efficient immunoreg-
ulation strategy against cancer.

Encouragingly, nanotechnology is a promising tool to optimize the tumor co-localization, bio-distribution and phar-
macokinetics for the molecular probes, cytotoxic pharmaceuticals, immunostimulators, various ligands (e.g., antibodies
or aptamers) and other biological agents. The conventional cancer treatment with nanoparticle administration is to in-
crease the cancer cellular uptake by enhanced permeation and retention (EPR) effect, which is a kind of passive accumu-
lation due to the leaky vasculature but is proven somewhat elusive. In contrast, leukocytes of immune system in vivo can
actively trace through chemokine gradients to the tumor cells, and then recognize and kill them by binding to the the tu-
mor specific antigens. Besides, secondary lymphoid organs do not exhibit physical barriers as tumor microenvironment.
Owing to the similar size to pathogens, nanoparticles are also able to accumulate in these fenestrated structures and read-
ily uptaken by antigen-presenting cells (APCs), such as dendritic cells (DCs) and other natural phagocytes. The most
typical application of nanotechnology on immunotherapy is cancer vaccines, and the nanoparticles are serving as antigen
reservoirs to mimic both prime and boost injections after a single administration. The nanovaccines are able to induce
robust DCs or CD8" T cells response and confer cross-priming efficacy observed in preclinical animal models, which is
an important breakthrough in the development of the soluble vector-free cancer vaccines. In addition, nanotechnology-
mediated immunotherapy can enhance the treatment efficacy in combination with other approaches, such as surgery, ra-
dio-/chemo-therapy or ablation therapy. Meanwhile, there are numerous novel nanotechnology-based strategies for the
regulation of both immune system and tumor microenvironment. For example, polymer scaffold can be implanted in vivo
to establish a condition for the T-cell engineering; nanocarriers are intended to increase the intercellular avidity by tar-
geting the circulating T cells, macrophages and cancer cells; drug-loaded nanoparticles will deliver DNase to destroy the
neutrophil extracellular trappings (NETs). Looking ahead, the field of enhancing immunotherapy by nanotechnology will
be developed to permit the analysis of multiple cell subtypes or immune cell activation state. What is more important, the
researchers should take the responsibility to place an emphasis on the study of profound theory for immunology, innovative
biomaterials for nanoparticles and clinical translation for engineered immunotherapeutic products. Hence, the nanotechnol-
ogy-enhanced immunotherapy will enable the evaluation of treatment suitability and consequently improve the personalized
immunotherapy. In conclusion, the concentrated immune response realized by nanotechnology can not only lower the drug
dose and improve the efficacy, but also prevent the systemic toxicity in patients. It will definitely become the mainstay in
immunotherapy in clinic. Therefore, this review is going to summarize the current situation of immunotherapy, and to ana-
lyze the opportunities, challenges and development of nanotechnology-enhanced immunotherapy in the future.
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