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Cancer immunotherapy critically relies on the efficient
presentation of tumor antigens to T-cells to elicit a potent anti-
tumor immune response aimed at life-long protection against
cancer recurrence. Recent advances in the nanovaccine field
have now resulted in formulations that trigger strong anti-tumor
responses. Nanovaccines are assemblies that are able to
present tumor antigens and appropriate immune-stimulatory
signals either directly to T-cells or indirectly via antigen-
presenting dendritic cells. This review focuses on important
aspects of nanovaccine design for dendritic cells, including the
synergistic and cytosolic delivery ofimmunogenic compounds,
as well as their passive and active targeting to dendritic cells. In
addition, nanoparticles for direct T-cell activation are
discussed, addressing features necessary to effectively mimic
dendritic cell/T-cell interactions.
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Introduction

Cancer immunotherapy is a promising treatment strategy
based on the stimulation of the immune system to attack
tumor cells. To generate life-long immunity against
tumor cells, priming of tumor-specific cytotoxic effector
as well as memory T-cells is essential. Naive T-cells can
be activated by antigen-presenting cells (APCs), in
particular dendritic cells (DCs), which can present tumor
antigens both on major histocompatibility complex
(MHC) class I and class II proteins for interaction with
cytotoxic CD8" and helper CD4" T-cells, respectively
[1]. Nowadays, several DC subsets have been identified
each with distinct antigen processing capabilities:
CD8a*/DEC205" DCs, which can efficiently cross-pre-
sent antigens on MHC class I as opposed to CD8a’/
DCIR2* DCs that mainly process antigen onto MHC
class II [2,3].

To date, most DC-based tumor immunotherapeutic strat-
egies involve ex vivo loading of DCs with tumor-associ-
ated antigens and immune-stimulatory agents (adjuvants)
and subsequently re-injecting them into the patient for iz
vivo T-cell activation [4]. Alternative approaches are
based on the ex vivo expansion of tumor antigen-specific
"T'-cell clones that are then adoptively transferred into the
patient [5]. However, both techniques require the use of
autologous cells, and are therefore labor extensive and
costly.

To overcome these drawbacks, a more pharmaceutical
approach explored combined nanotechnological and bio-
chemical advances to develop nanovaccines. Nanovac-
cines are nanoscale complexes that accommodate both
antigens and immune stimuli that can activate T-cells or
DCs upon their 7z vivo administration (Figure 1) [6].

This review focuses on the use of nanovaccines to gen-
erate T-cell mediated active anti-tumor immune
responses. First, important features of nanovaccines for
DC activation will be discussed, including the effect of
co-delivery of antigens and adjuvants and their intracellu-
lar routing. Next, strategies for passive and active target-
ing of nanovaccines to DCs will be addressed. Finally, the
possibility of exploiting nanovaccines for direct T-cell
activation will be discussed: DC-mimics that operate as
artificial APCs.

Nanovaccines for co-delivery of antigens and
stimulatory molecules

Most tumor-associated antigens explored thus far are
endogenous self-antigens with limited immunogenicity.
Therefore, to induce tumor immunity rather than toler-
ance, these antigens should be accompanied by strong
adjuvants that boost DC activation, for example, toll-like
receptor (TLR) ligands (Figure 1) [7,8]. Importantly,
Blander and Medzhitov have shown that it is crucial to
deliver antigens and adjuvants into the same intracellular
compartment [9].

Nanovaccines are an excellent platform to achieve such
synchronized delivery to DCs (Figure 2a). For example,
chemical linkage of CpG to ovalbumin (OVA) specifically
enhanced the production of cytotoxic T-lymphocytes
(CTL) when compared to free OVA and CpG and could
inhibit the growth of OVA-expressing tumors in mice
[10,11]. Another interesting strategy was reported by Li
et al., who exploited the adjuvant nature of aluminum-
oxide nanocrystals and decorated these with tumor anti-
gens to generate C'T'Ls capable of eliminating established
tumors in mice [12°]. Furthermore, various types of
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Nanovaccines for cancer immunotherapy. Nanovaccines (yellow) can be designed to (a) deliver tumor antigens (Ag; red) and adjuvants (Adj; pink) to
dendritic cells (DC; green) for antigen processing and subsequent presentation on major histocompatibility complex (MVHC) molecules on DCs to the T-
cell receptor (TCR) on T-cells (blue) or (b) present tumor antigens directly to T-cells. Antigen presentation in combination with immune-stimulatory

molecules (pink) results in tumor-specific T-cell activation and expansion. These T-cells migrate to the tumor (red) and upon tumor antigen recognition,

tumor lysis is induced.

adjuvants (MPLA, polylC, CpG or PAM,CAG) have
been loaded onto antigen-containing polymer-based
and lipid-based nanoparticles, resulting in powerful
anti-tumor immune responses [13-16]. Interestingly,
recent studies showed that the immune response induced
by antigen-loaded liposomes could be drastically
improved by further processing of liposomes into cross-
linked multilamellar vesicles [17]. Although physically
linking antigen and adjuvant is thought favorable in order
to induce powerful cellular immunity, by contrast Kasturi
et al. showed that antigen and adjuvant in separate nano-
carriers resulted in stronger humoral responses [18].

Other attractive characteristics of nanocarrier systems are,
first, protection against unwanted antigen degradation or
systemic immune activation by soluble adjuvants and,
second, the high dose of immunogenic cargo that can be
incorporated into a single nanovaccine (Figure 2b). Rettig
et al. recently demonstrated that, iz vitro, monocyte
activation could be improved by increasing nanocarrier
size and thus antigenic payload, indicating that uptake of
a few large high-payload particles was sufficient to trigger
cells [19]. Furthermore, immunization of mice with either
liposomal or poly(lactic-co-glycolic-acid) (PLGA) con-
structs that can accommodate many TRP2 tumor-anti-
gens per particle provided better protection against tumor
growth than free TRP2 at similar doses [13,15]. An
additional advantage of using biodegradable polymeric
particles, such as PLGA, is the sustained slow release of
antigens from the nanocarrier after uptake by DCs [20].

Nanovaccines for improved cytosolic antigen
delivery

Following nanovaccine uptake and processing by DCs,
tumor-antigens can be presented as MHC class I/I1 pep-
tide complexes. For effective immunotherapy, antigens
should preferably be loaded onto MHC class I in order to
prime CD8" T'-cells. So far, most nanovaccines developed
are internalized via the endocytic pathway, thereby
directing antigens to the MHC class II pathway, instead
of class I [2,21]. As antigen-MHC class I complex for-
mation takes place in the endoplasmic reticulum (ER),
particular emphasis was given to the design of nanovac-
cines that promote antigen escape from endosomes into
the cytosol to improve MHC class I (cross-)presentation
(Figure 2c¢).

Antigens can be encapsulated in virus-like particles,
composed of viral envelope proteins [22]. These have
preserved their natural ability to fuse with lipid mem-
branes, thereby shuttling antigens from endosomes into
the cytosol. However, considering the immunogenic risk
of viral constituents, attempts have been made to develop
synthetic peptide-based fusogenic particles [23]. Sim-
ilarly, polymeric nanoparticles based on amphiphilic
poly(y-glutamic acid) were able to promote endosome-—
ER fusion for enhanced antigen-loading on MHC class I
[24].

Furthermore, conventional liposomal vaccines have been
modified to facilitate the transport of antigens to the
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Strategies to enhance cytotoxic CD8" T-cell priming by dendritic cell
(DC)-targeted nanovaccines. (a) Nanovaccines that facilitate co-delivery
of adjuvants (pink) with tumor antigens (red) to the same cellular
compartment improve DC maturation and activation. (b) Increasing the
immunogenic payload of antigens and adjuvants delivered by a single
nanovaccine enhances the DC’s immune-stimulating potency. (c) Upon
uptake of a nanovaccine via endocytosis, nanovaccines that actively
promote release of antigens into the cytosol enhance presentation of
antigens on major histocompatibility complex (MHC) class | molecules,
and therefore priming of CD8" T-cells. Antigens that remain inside
endosomes are loaded onto MHC class Il molecules resulting in CD4™ T-
cell priming.

cytosol. The incorporation of cell-penetrating peptides,
such as R8, resulted in highly improved MHC class I-
mediated T-cell responses [25]. In addition, liposomes
have been equipped with pH-responsive moieties, such
as cholesteryl hemisuccinate or polyglycidol, which trig-
ger liposome destabilization and promote lipid membrane
fusion under mildly acidic conditions [26]. Such lipo-
somes release their contents into the cytosol upon
encounter of low pH within endosomes, thus improving
MHC class I antigen loading and recognition by CD8* 'T'-
cells [26,27].

Passive targeting of nanovaccines to DCs

Another key factor for successful clinical application of
nanovaccines is to achieve efficient uptake by DCs. Major
populations of DCs are found in lymphoid organs, that is,
lymph nodes and spleen, but DCs also occupy peripheral
tissues, including skin [28]. As DCs have the natural
ability to phagocytose foreign material, passive targeting
of DCs can be achieved by directing nanovaccines to sites

rich in DCs. For this, the interplay between nanovaccine
size and their route of administration has been explored.

Nanovaccine size has a major impact on its local distri-
bution especially when administered into the skin
(Figure 3a). Small nanoparticles (<100 nm) are quickly
transported into the lymphatic system by interstitial low
to interact with lymph node resident DCs [29-32]. Impor-
tantly, upon arrival in the lymph nodes, small nanocarriers
are cleared slower than free antigens, thereby enhancing
their interaction time with DCs [30,33]. Larger constructs
(>500 nm), instead, are physically trapped in the skin and
are predominantly internalized by skin-DCs or mono-
cytes, which subsequently migrate to the lymph nodes
[31,32,34]. Nanovaccines of intermediate size (100—
500 nm) showed both free and cell-based drainage to
the lymph nodes [29,33]. Therefore, the induced immune
response critically depends on nanovaccine size, which
creates a trade-off between the extent of passive DC
targeting and the immunogenic payload delivered per
nanoparticle [29]. Yet, especially for larger vaccine
carriers, an important fraction remains at the injection
site [31,34].

T'o overcome retention in the skin, direct administration
into the lymph node might offer an attractive route to
enhance passive DC targeting. Indeed, larger vaccine
particles (>300 nm) demonstrated prolonged retention
in the lymph node [35]. However, the majority of the
nanovaccines was phagocytosed and degraded by macro-
phages, rendering them unavailable for activation of DCs
[33,36]. As an alternative route, injection into the blood is
less size dependent and an easy way to reach both blood
and splenic DCs. Indeed, although they might suffer from
macrophage uptake, strong immune responses were
observed by a variety of particles [37°,38,39].

Active targeting of nanovaccines to DCs

To improve the targeting of DCs, nanovaccines can be
decorated with ligands that specifically bind DC surface
receptors (Figure 3b). For example, targeting of tumor-
antigen DNA-containing complexes to CD40 or MHC
class II on DCs significantly prolonged the survival of
mice upon tumor-challenge [40,41]. Similarly, several C-
type lectin receptors (CLRs), extensively expressed by
DCs, are amongst the most popular targets. Antibodies
and ligands have been developed that bind to, for

example, the mannose receptor (MR), DEC205,
CLEC9A, Langerin and DCIR2 [42].
Mannose-functionalized liposomes that target MRs

showed higher uptake by DCs than conventional lipo-
somes thereby enhancing the anti-tumor response [39].
As MRs are also expressed on macrophages and other cell
types, more DC-restricted receptors have also been
explored. Importantly, specific DC subsets can be tar-
geted by selection of specific CLLRs. Idoyaga ez /. showed
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Passive and active targeting of nanovaccines to dendritic cells (DC). (a) Passive targeting of nanovaccines to DCs upon intradermal or subcutaneous
injection is dependent on nanovaccine size. Nanoparticles up to 200 nm can diffuse from the interstitial fluid across the lymphatic endothelium (red)
into lymph vessels. Subsequently nanovaccines are transported to lymph nodes, thereby targeting lymph node resident DCs. Nanoparticles larger than
500 nm cannot traverse the endothelium and are trapped at the injection site. Here, skin-resident DCs (green) can take up the nanoparticles and
transport them to the lymph node for antigen presentation to T-cells via dermal DCs. (b) Active targeting of nanovaccines to DCs involves
functionalization of nanoparticles with ligands or antibodies that bind specifically to DC surface receptors, thereby directing nanovaccine uptake

toward DCs.

that, in mice, antigens could be directed to the splenic
CD8a* DC subset by antigen conjugation to antibodies
against DEC205, Langerin or CLEC9A. By contrast,
DCIR2 antibodies appeared to specifically target
CD8a™ DC [43°°]. As discussed above, murine CD8a*
DCs are specialized in cross-presentation of antigens on
MHC class I, which is required for activation of CD8"
tumor-specific CTLs [2]. Therefore, targeting nanovac-
cines to CLRs found on CD8a™ DCs might be favorable
for anti-tumor immunotherapy. Indeed, in mice,
DEC205-targeted delivery of tumor-antigen loaded
PL.GA-particles or liposomes to DCs resulted in T-cell
activation at a much lower antigen dose than non-targeted
nanoparticles [37°], and importantly provided better
protection against engraftment of tumor metastasis than
control liposomes [44].

In humans, BDCA3"* DCs are regarded the cross-present-
ing counterpart of the murine CD8a" DCs [45]. However,
several studies also attribute cross-presenting function-
ality to other human DC subsets, which makes the choice
for a particular target cell in the human system difficult

[42].

Nanovaccines for direct T-cell activation

An alternative immunotherapeutic approach is the de-
velopment of nanovaccines aiming at direct T-cell acti-
vation instead of via DGCs (Figure 1). Mainly, two
strategies have been explored to induce direct prolifer-
ation and activation of T-cells. One of these strategies is
to expand tumor antigen-specific T-cells ex vivo after

isolation of lymphocytes from cancer patients. Re-inject-
ing the expanded T-cells back into the patient is thought
to boost their anti-cancer activity [46—49]. Alternatively,
instead of adoptive transfer of T-cells, nanovaccines have
been designed for iz vivo induction and activation of
tumor-specific CTLs [50°°,51]. In both cases, the com-
plexes are designed to mimic the antigen-presenting and
T'-cell activating capacity of natural APCs, and are
referred to as artificial APCs (aAPCs). Artificial APCs
encompass both cell-based and acellular technologies.
Some of these are tumor antigen specific, whereas others
are nonspecific T-cell ‘amplifiers’ [52-55]. Here, recent
advances in aAPC design are summarized.

Cellular aAPC

Cellular aAPCs are generally derived from primary or
transformed human cells or xenogeneic cells such as
murine fibroblasts or insect cells [52,56°,57,58]. They
are engineered through retroviral or lentiviral transduc-
tion to introduce MHC molecules that interact with T-
cell receptors (T'CR) as well as co-stimulatory molecules
[59-61]. Because of their capacity to induce tumor rejec-
tion in mice, some human cell-based aAPCs are now
explored in clinical trials to treat cancer patients [56°].

In spite of extensive progress in the cellular aAPC field,
there are major drawbacks that are preventing them from
wide spread application. Cellular aAPCs are mainly
derived from tumor cell lines or xenogeneic cells. How-
ever, the use of cell lines with tumorigenic potential may
result in tumor growth originating from the aAPCs. Also,
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the use of allogeneic or xenogeneic aAPCs may elicit an
immune response against the aAPCs, which would dras-
tically limit their efficacy [52].

Acellular aAPC

Alternative strategies have been explored to overcome
these limitations of cellular aAPCs. Polymers, solid beads,
liposomes and exosomes have all been used as synthetic
scaffolds for the development of acellular or synthetic
aAPC [54,62-64]. The advantages of such acellular aAPCs
over cellular aAPCs for clinical applications are first, their
control over ligand uploading, second, easy and high qual-
ity production without any further manipulation, and third,
long-term storage without the loss of activity.

The introduction of mono-disperse spherical polymer or
solid bead-based aAPCs loaded with T-cell stimulatory
ligands has revealed a totally new platform for designing
aAPCs [54,64,65]. Bead-based aAPCs have shown to be
more efficient than natural APCs in both adoptive and
active immunotherapy against cancer [54]. However, the
rigid surface of bead aAPCs restricts dynamic movement
of the T'CR and costimulatory molecules on the T-cell
surface occurring during immunological synapse for-
mation at the aAPC/T-cell engagement site [52]. Hence,
a major disadvantage of bead aAPCs is surface rigidity,
which may reduce their overall efficiency.

Efforts to improve the dynamics of acellular systems
resulted in development of lipid-based synthetic aAPCs
where T-cell stimulatory ligands were conjugated to
liposomes, supported planar membrane structures and
exosomes [62,63]. Exploiting lipid bilayer surfaces pro-
vides mobility to ligands allowing these aAPCs to more
closely mimic natural APC, especially when interacting
with T-cells. Interestingly, lipid-based aAPCs have pro-
ven more efficient for 7z vivo rather than 7z vitro expansion
of T-cells [66,67]. This might be explained by their small
size (50-90 nm) and lipid bilayer composition, which
facilitate their migration to their sites of action, that is,
lymph nodes and tumor zones.

Future perspectives: harnessing synergisms
of nanovaccines targeting DCs and T-cells
Recent advances in nanovaccine development have
demonstrated their enormous potential for cancer immu-
notherapy. Different approaches where T-cells were
activated either directly or via DCs, were able to elicit
strong anti-tumor responses, demonstrating proof of prin-
ciple and paving the way for clinical translation. Clini-
cally, virus-like particles have been used for the co-
delivery of tumor-derived antigens and adjuvants to
DCs. Similarly, antigen—antibody constructs targeted to
DGCs have already been successfully tested in patients
[68-70]. In the field of aAPC-design for direct T-cell
activation, a panel of human cell-based aAPC has entered
clinical trials [56°,71].

Furthermore, combining aAPCs for T-cell activation with
nanovaccines that target DCs might act synergistically.
Administration of aAPCs in cancer patients might induce
instantaneous but temporary bulk expansion of T-cells
against the specific cancer antigen, causing rapid
reduction of the cancer load. Subsequent treatment with
a nanovaccine targeting DCs may induce a multifaceted
and more long-lasting immune response to further reduce
cancer load and to induce memory responses to prevent
cancer recurrence. We believe that combining both strat-
egies holds great promise for future immunotherapy to
improve the life of cancer patients.

Acknowledgements

"This work was supported by grants from the EU (ERC advanced
PATHFINDER 269019), the Dutch Cancer Society (KUN2009-4402) and a
grant from the Dutch government to the Netherlands Institute for
Regenerative Medicine (NIRM, grant No. FES0908). Carl Figdor received
the NWO Spinoza award.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Steinman RM: Decisions about dendritic cells: past, present,
and future. Annu Rev Immunol 2012, 30:1-22.

2. Dudziak D, Kamphorst AO, Heidkamp GF, Buchholz VR,
Trumpftheller C, Yamazaki S, Cheong C, Liu K, Lee HW, Park CG
et al.: Differential antigen processing by dendritic cell subsets
in vivo. Science 2007, 315:107-111.

3. Heath WR, Belz GT, Behrens GM, Smith CM, Forehan SP,
Parish |IA, Davey GM, Wilson NS, Carbone FR, Villadangos JA:
Cross-presentation, dendritic cell subsets, and the generation
of immunity to cellular antigens. Immunol Rev 2004, 199:9-26.

4. Figdor CG, de Vries IJ, Lesterhuis WJ, Melief CJ: Dendritic cell
immunotherapy: mapping the way. Nat Med 2004, 10:475-480.

5. Rosenberg SA, Dudley ME: Adoptive cell therapy for the
treatment of patients with metastatic melanoma. Curr Opin
Immunol 2009, 21:233-240.

6. Moon JJ, Huang B, Irvine DJ: Engineering nano- and
microparticles to tune immunity. Adv Mater 2012, 24:3724-3746.

7. Tacken PJ, Figdor CG: Targeted antigen delivery and activation
of dendritic cells in vivo: steps towards cost effective
vaccines. Semin Immunol 2011, 23:12-20.

8. LeeEY, Park KS, Yoon YJ, Lee J, Moon HG, Jang SC, Choi KH,
Kim YK, Gho YS: Therapeutic effects of autologous tumor-
derived nanovesicles on melanoma growth and metastasis.
PLoS ONE 2012, 7:e33330.

9. Blander JM, Medzhitov R: Toll-dependent selection of microbial
antigens for presentation by dendritic cells. Nature 2006,
440:808-812.

10. Cho HJ, Takabayashi K, Cheng PM, Nguyen MD, Corr M, Tuck S,
Raz E: Immunostimulatory DNA-based vaccines induce
cytotoxic lymphocyte activity by a T-helper cell-independent
mechanism. Nat Biotechnol 2000, 18:509-514.

11. Kreutz M, Giquel B, Hu Q, Abuknesha R, Uematsu S, Akira S,
Nestle FO, Diebold SS: Antibody-antigen-adjuvant conjugates
enable co-delivery of antigen and adjuvant to dendritic cells in
cis but only have partial targeting specificity. PLoS ONE 2012,
7:e40208.

12. LiHY,LiYH, Jiao J, Hu HM: Alpha-alumina nanoparticles induce
o efficient autophagy-dependent cross-presentation and
potent antitumour response. Nat Nanotechnol 2011, 6:645-650.

www.sciencedirect.com

Current Opinion in Immunology 2013, 25:389-395



394 Vaccines

Al,O3 scaffold as adjuvant coated with tumor-antigens creates tumor
immunity.

13. Zhang ZP, Tongchusak S, Mizukami Y, Kang YJ, loji T, Touma M,
Reinhold B, Keskin DB, Reinherz EL, Sasada T: Induction of anti-
tumor cytotoxic T-cell responses through PLGA-nanoparticle
mediated antigen delivery. Biomaterials 2011, 32:3666-3678.

14. Wang C, Zhuang Y, Zhang YJ, Luo ZC, Gao NN, Li P, Pan H,
Cai LT, Ma YF: Toll-like receptor 3 agonist complexed
with cationic liposome augments vaccine-elicited
antitumor immunity by enhancing TLR3-IRF3 signaling and
type | interferons in dendritic cells. Vaccine 2012,
30:4790-4799.

15. JeromeV, Graser A, Muller R, Kontermann RE, Konur A: Cytotoxic
T-lymphocytes responding to low dose TRP2 antigen are
induced against B16 melanoma by liposome-encapsulated
TRP2 peptide and CpG DNA adjuvant. J Immunother 2006,
29:294-305.

16. Thomann JS, Heurtault B, Weidner S, Braye M, Beyrath J,
Fournel S, Schuber F, Frisch B: Antitumor activity of liposomal
ErbB2/HER2 epitope peptide-based vaccine constructs
incorporating TLR agonists and mannose receptor targeting.
Biomaterials 2011, 32:4574-4583.

17. Moon JJ, Suh H, Bershteyn A, Stephan MT, Liu HP, Huang B,
Sohail M, Luo S, Um SH, Khant H et al.: Interbilayer-crosslinked
multilamellar vesicles as synthetic vaccines for potent
humoral and cellular immune responses. Nat Mater 2011,
10:243-251.

18. Kasturi SP, Skountzou |, Albrecht RA, Koutsonanos D, Hua T,
Nakaya HI, Ravindran R, Stewart S, Alam M, Kwissa M et al.:
Programming the magnitude and persistence of antibody
responses with innate immunity. Nature 2011, 470:543-547.

19. Rettig L, Haen SP, Bittermann AG, von Boehmer L, Curioni A,
Kramer SD, Knuth A, Pascolo S: Particle size and activation
threshold: a new dimension of danger signaling. Blood 2010,
115:4533-4541.

20. Cruz LJ, Tacken PJ, Fokkink R, Figdor CG: The influence of PEG
chain length and targeting moiety on antibody-mediated
delivery of nanoparticle vaccines to human dendritic cells.
Biomaterials 2011, 32:6791-6803.

21. Keller SA, Bauer M, Manolova V, Muntwiler S, Saudan P,
Bachmann MF: Cutting edge: limited specialization of dendritic
cell subsets for MHC class ll-associated presentation of viral
particles. J Immunol 2010, 184:26-29.

22. Bungener L, Huckriede A, de Mare A, de Vries-ldema J, Wilschut J,
Daemen T: Virosome-mediated delivery of protein antigens in
vivo: efficient induction of class | MHC-restricted cytotoxic T-
lymphocyte activity. Vaccine 2005, 23:1232-1241.

23. Tarasov SG, Gaponenko V, Howard OM, Chen YH, Oppenheim JJ,
Dyba MA, Subramaniam S, Lee Y, Michejda C, Tarasova NI:
Structural plasticity of a transmembrane peptide allows self-
assembly into biologically active nanoparticles. Proc Nat/ Acad
Sci USA 2011, 108:9798-9803.

24. Mukai Y, Yoshinaga T, Yoshikawa M, Matsuo K, Yoshikawa T,
Matsuo K, Niki K, Yoshioka Y, Okada N, Nakagawa S: Induction of
endoplasmic reticulum-endosome fusion for antigen cross-
presentation induced by poly-(y-glutamic acid) nanoparticles.
J Immunol 2011, 187:6249-6255.

25. Nakamura T, Moriguchi R, Kogure K, Shastri N, Harashima H:
Efficient MHC class | presentation by controlled intracellular
trafficking of antigens in octaarginine-modified liposomes.
Mol Ther 2008, 16:1507-1514.

26. Yuba E, Kojima C, Harada A, Tana Watarai S, Kono K: pH-
sensitive fusogenic polymer-modified liposomes as a carrier
of antigenic proteins for activation of cellular immunity.
Biomaterials 2010, 31:943-951.

27. Arranz A, Reinsch C, Papadakis KA, Dieckmann A, Rauchhaus U,
Androulidaki A, Zacharioudaki V, Margioris AN, Tsatsanis C,
Panzner S: Treatment of experimental murine colitis with CD40
antisense oligonucleotides delivered in amphoteric
liposomes. J Control Release 2012, 165:163-172.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Palucka K, Banchereau J, Mellman |: Designing vaccines based
on biology of human dendritic cell subsets. /Immunity 2010,
33:464-478.

Reddy ST, van der Vlies AJ, Simeoni E, Angeli V, Randolph GJ,
O’Neill CP, Lee LK, Swartz MA, Hubbell JA: Exploiting lymphatic
transport and complement activation in nanoparticle
vaccines. Nat Biotechnol 2007, 25:1159-1164.

Cubas R, Zhang S, Kwon SK, Sevick-Muraca EM, Li M, Chen CY,
Yao QZ: Virus-like particle (VLP) lymphatic trafficking and
immune response generation after immunization by different
routes. J Immunother 2009, 32:118-128.

Manolova V, Flace A, Bauer M, Schwarz K, Saudan P,
Bachmann MF: Nanoparticles target distinct dendritic cell
populations according to their size. Eur J Immunol 2008,
38:1404-1413.

Oussoren C, Zuidema J, Crommelin DJ, Storm G: Lymphatic
uptake and biodistribution of liposomes after subcutaneous
injection 2: influence of liposomal size, lipid composition and
lipid dose. BBA: Biomembranes 1997, 1328:261-272.

Moon JJ, Suh H, Li AV, Ockenhouse CF, Yadava A, Irvine DJ:
Enhancing humoral responses to a malaria antigen with
nanoparticle vaccines that expand T-fh cells and promote
germinal center induction. Proc Nat/ Acad Sci USA 2012,
109:1080-1085.

Randolph GJ, Inaba K, Robbiani DF, Steinman RM, Muller WA:
Differentiation of phagocytic monocytes into lymph node
dendritic cells in vivo. Immunity 1999, 11:753-761.

Jewell CM, Lopez SC, Irvine DJ: In situ engineering of the lymph
node microenvironment via intranodal injection of adjuvant-
releasing polymer particles. Proc Nat/ Acad Sci USA 2011,
108:15745-15750.

Reddy ST, Rehor A, Schmoekel HG, Hubbell JA, Swartz MA: In
vivo targeting of dendritic cells in lymph nodes with
poly(propylene sulfide) nanoparticles. J Control Release 2006,
112:26-34.

Tacken PJ, Zeelenberg IS, Cruz LJ, van Hout-Kuijer MA, van de
Glind G, Fokkink RG, Lambeck AJ, Figdor CG: Targeted delivery
of TLR ligands to human and mouse dendritic cells strongly
enhances adjuvanticity. Blood 2011, 118:6836-6844.

Targeting particles containing antigens and adjuvants to DCs improved
CTL priming.

38.

39.

40.

41.

42.

43.

McKee SJ, Young VL, Clow F, Hayman CM, Baird MA, Hermans IF,
Young SL, Ward VK: Virus-like particles and alpha-
galactosylceramide form a self-adjuvanting composite
particle that elicits anti-tumor responses. J Control Release
2012, 159:338-345.

Perche F, Benvegnu T, Berchel M, Lebegue L, Pichon C,
Jaffres PA, Midoux P: Enhancement of dendritic cells
transfection in vivo and of vaccination against B16F10
melanoma with mannosylated histidylated lipopolyplexes
loaded with tumor antigen messenger RNA. Nanomed
Nanotechnol 2011, 7:445-453.

Hangalapura BN, Oosterhoff D, de Groot J, Boon L, Tuting T, van
den Eertwegh AJ, Gerritsen WR, van Beusechem VW, Pereboev A,
Curiel DT et al.: Potent antitumor immunity generated by a
CD40-targeted adenoviral vaccine. Cancer Res 2011, 71:5827-
5837.

Daftarian P, Kaifer AE, Li W, Blomberg BB, Frasca D, Roth F,
Chowdhury R, Berg EA, Fishman JB, Al Sayegh HA et al.: Peptide-
conjugated PAMAM dendrimer as a universal DNA vaccine
platform to target antigen-presenting cells. Cancer Res 2011,
71:7452-7462.

Kreutz M, Tacken PJ, Figdor CG: Targeting dendritic cells —
why bother? Blood 2013 http://dx.doi.org/10.1182/blood-2012-
09-452078.

Idoyaga J, Lubkin A, Fiorese C, Lahoud MH, Caminschil, Huang Y,
Rodriguez A, Clausen BE, Park CG, Trumpfheller C et al.:
Comparable T helper 1 (Th1) and CD8 T-cell immunity by
targeting HIV gag p24 to CD8 dendritic cells within antibodies
to Langerin, DEC205, and Clec9A. Proc Natl/ Acad Sci USA 2011,
108:2384-2389.

Current Opinion in Immunology 2013, 25:389-395

www.sciencedirect.com


http://dx.doi.org/10.1182/blood-2012-09-452078
http://dx.doi.org/10.1182/blood-2012-09-452078

Dendritic cell-based nanovaccines for cancer immunotherapy Paulis et al.

Targeting antigen to CD8" DCs induced a stronger immune response than
via CD8™ DCs.

44.

45.

46.

47.

48.

49.

50.

van Broekhoven CL, Parish CR, Demangel C, Britton WJ, Altin JG:
Targeting dendritic cells with antigen-containing liposomes: a
highly effective procedure for induction of antitumor immunity
and for tumor immunotherapy. Cancer Res 2004, 64:4357-4365.

Villadangos JA, Shortman K: Found in translation: the human
equivalent of mouse CD8" dendritic cells. J Exp Med 2010,
207:1131-1134.

Chekmasova AA, Brentjens RJ: Adoptive T cell immunotherapy
strategies for the treatment of patients with ovarian cancer.
Discov Med 2010, 9:62-70.

Chu CS, Boyer J, Schullery DS, Gimotty PA, Gamerman V,
Bender J, Levine BL, Coukos G, Rubin SC, Morgan MA et al.:
Phase I/ll randomized trial of dendritic cell vaccination with or
without cyclophosphamide for consolidation therapy of
advanced ovarian cancer in first or second remission. Cancer
Immunol Immunother 2012, 61:629-641.

El Ansary M, Mogawer S, Elhamid SA, Alwakil S, Aboelkasem F,
Sabaawy HE, Abdelhalim O: Immunotherapy by autologous
dendritic cell vaccine in patients with advanced HCC. J Cancer
Res Clin 2013, 139:39-48.

Diken M, Kreiter S, Selmi A, Tureci O, Sahin U: Antitumor
vaccination with synthetic mRNA: strategies for in vitro and in
vivo preclinical studies. Methods Mol Biol 2013, 969:235-246.

Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ,
Penson DF, Redfern CH, Ferrari AC, Dreicer R, Sims RB et al.:
Sipuleucel-T immunotherapy for castration-resistant prostate
cancer. N Engl J Med 2010, 363:411-422.

Cellular aAPCs applied in patients with metastatic cancer prolonged their
survival.

51.

52.

53.

54.

55.

56.

Stiff PJ, Czerlanis C, Drakes ML: Dendritic cell immunotherapy
in ovarian cancer. Expert Rev Anticancer 2013, 13:43-53.

Turtle CJ, Riddell SR: Artificial antigen-presenting cells for use
in adoptive immunotherapy. Cancer J 2010, 16:374-381.

Ugel S, Zoso A, De Santo G, Li Y, Marigo |, Zanovello P, Scarselli E,
Cipriani B, Oelke M, Schneck JP et al.: In vivo administration of
artificial antigen-presenting cells activates low-avidity T cells
for treatment of cancer. Cancer Res 2009, 69:9376-9384.

Oelke M, Schneck JP: Overview of a HLA-Ig based ‘lego-like
system’ for T cell monitoring, modulation and expansion.
Immunol Res 2010, 47:248-256.

Schutz C, Oelke M, Schneck JP, Mackensen A, Fleck M: Killer
artificial antigen-presenting cells: the synthetic embodiment
of a ‘guided missile’. Immunotherapy 2010, 2:539-550.

Butler MO, Ansen S, Tanaka M, Imataki O, Berezovskaya A,
Mooney MM, Metzler G, Milstein MI, Nadler LM, Hirano N: A panel
of human cell-based artificial APC enables the expansion of
long-lived antigen-specific CD4* T cells restricted by
prevalent HLA-DR alleles. Int Immunol 2010, 22:863-873.

Clinical trial showing both CD8" and CD4" T-cell stimulation by cellular
aAPCs.

57.

58.

Cai Z, Moriarty A, Degraw J, Leturcq D, Shi WX, Stegman KK, Yue
X: Preparation of inactivated artificial antigen presenting cells
and their use in cell therapies. US Patent 2012, 8124408.

Hasan AN, Kollen WJ, Trivedi D, Selvakumar A, Dupont B,
Sadelain M, O’Reilly RJ: A panel of artificial APCs expressing

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

395

prevalent HLA alleles permits generation of cytotoxic T cells
specific for both dominant and subdominant viral epitopes for
adoptive therapy. J Immunol 2009, 183:2837-2850.

Brenner MK, Heslop HE: Adoptive T-cell therapy of cancer. Curr
Opin Immunol 2010, 22:251-257.

Singh H, Figliola MJ, Dawson MJ, Huls H, Olivares S, Switzer K,
Mi T, Maiti S, Kebriaei P, Lee DA et al.: Reprogramming CD19-
specific T cells with IL-21 signaling can improve adoptive
immunotherapy of B-lineage malignancies. Cancer Res 2011,
71:3516-3527.

Tanaka M, Butler MO, Ansen S, Imataki O, Berezovskaya A,
Nadler LM, Hirano N: Induction of HLA-DP4-restricted anti-
survivin Th1 and Th2 responses using an artificial antigen-
presenting cell. Clin Cancer Res 2011, 17:5392-5401.

Ding Q, Chen J, Wei X, Sun W, Mai J, Yang Y, Xu Y: RAFTsomes
containing epitope-MHC-II complexes mediated CD4+ T cell
activation and antigen-specificimmune responses. Pharm Res
2013, 30:60-69.

Duijvesz D, Luider T, Bangma CH, Jenster G: Exosomes as
biomarker treasure chests for prostate cancer. Eur Urol 2011,
59:823-831.

Fuertes Marraco SA, Baumgaertner P, Legat A, Rufer N,
Speiser DE: A stepwise protocol to coat aAPC beads prevents
out-competition of anti-CD3 mAb and consequent
experimental artefacts. J Immunol Methods 2012, 385:90-95.

Han H, Peng JR, Chen PC, Gong L, Qiao SS, Wang WZ, Cui ZQ,
Yu X, Wei YH, Leng XS: A novel system of artificial antigen-
presenting cells efficiently stimulates Flu peptide-specific
cytotoxic T cells in vitro. Biochem Biophys Res Commun 2011,
411:530-535.

Taieb J, Chaput N, Zitvogel L: Dendritic cell-derived exosomes
as cell-free peptide-based vaccines. Crit Rev Immunol 2005,
25:215-223.

Zitvogel L, Regnault A, Lozier A, Wolfers J, Flament C, Tenza D,
Ricciardi-Castagnoli P, Raposo G, Amigorena S: Eradication of
established murine tumors using a novel cell-free vaccine:
dendritic cell-derived exosomes. Nat Med 1998, 4:594-600.

Speiser DE, Schwarz K, Baumgaertner P, Manolova V, Devevre E,
Sterry W, Walden P, Zippelius A, Conzett KB, Senti G et al.:
Memory and effector CD8 T-cell responses after nanoparticle
vaccination of melanoma patients. J Immunother 2010,
33:848-858.

Morse MA, Chapman R, Powderly J, Blackwell K, Keler T, Green J,
Riggs R, He LZ, Ramakrishna V, Vitale L et al.: Phase | study
utilizing a novel antigen-presenting cell-targeted vaccine with
toll-like receptor stimulation to induce immunity to self-
antigens in cancer patients. Clin Cancer Res 2011,
17:4844-4853.

Trumpfheller C, Longhi MP, Caskey M, Idoyaga J, Bozzacco L,

Keler T, Schlesinger SJ, Steinman RM: Dendritic cell-targeted
protein vaccines: a novel approach to induce T-cell immunity.
J Intern Med 2012, 271:183-192.

Butler MO, Lee JS, Ansen S, Neuberg D, Hodi FS, Murray AP,
Drury L, Berezovskaya A, Mulligan RC, Nadler LM et al.: Long-
lived antitumor CD8+ lymphocytes for adoptive therapy
generated using an artificial antigen-presenting cell. Clin
Cancer Res 2007, 13:1857-1867.

www.sciencedirect.com

Current Opinion in Immunology 2013, 25:389-395



	Dendritic cell-based nanovaccines for cancer immunotherapy
	Introduction
	Nanovaccines for co-delivery of antigens and stimulatory molecules
	Nanovaccines for improved cytosolic antigen delivery
	Passive targeting of nanovaccines to DCs
	Active targeting of nanovaccines to DCs
	Nanovaccines for direct T-cell activation
	Cellular aAPC
	Acellular aAPC

	Future perspectives: harnessing synergisms of nanovaccines targeting DCs and T-cells
	Acknowledgements
	References and recommended reading


