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Abstract: Recently, there has been a surge of interest in the use of ex vivo antigen-pulsed
dendritic cells (DCs) in the immunotherapy for cancer. DCs are powerful adjuvants with the
ability to prime naive CD4* and CD8" T cells. As antigen sources, various preparations, including
peptides, proteins, crude tumor lysates, and DCs transfected or transformed with various viruses,
have been used. These procedures that involve the isolation of patient DCs and reintroduction
after in vitro manipulation are time-consuming and expensive. The DC populations used
frequently in ex vivo clinical studies are IL-4 and GM-CSF cultured DCs that may not represent
the in vivo DC populations. An attractive method of targeting in vivo DCs is to utilize various
ligands or antibodies that bind discrete populations of DCs. These cell surface receptors will
direct the antigen to different antigen processing pathways depending on the targeted receptor
to induce cytotoxic T cell or T helper responses. This review will discuss the various approaches
and receptors that have been used for antigen targeting that may eventually be translated to
alternative DC-based immunotherapies.
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Introduction The past decade has seen a dramatic increase in the number
While vaccination has ultimately proved to be an effective Of studies aimed at “vaccinating” against existing disease in
measure against the spread of some viruses, many remaiatients, particularly cancer. Numerous tumor-associated
uncontrollable by vaccination, as do most bacterial, proto- antigens have been identified and expressed as recombinant
zoan, and “worm” (helminth and cestode) infectious agents. Proteins. Further, with the help of T cell epitope prediction
The most successful vaccines used to combat infectious@lgorithms and experimental observations, cytotoxic T cell
disease are the live or live-attenuated organisms as used ir@nd helper T cell epitopes have been identified for tumor
polio and smallpox vaccines. With purified proteins or antigens (Table 1) These recombinant proteins and
peptides, in most cases powerful adjuvants or suitable dangessynthetic peptides have been utilized with different adjuvants
signals are needed to prime naive T cell responses. It isand delivery systems in preclinical studies and some in
possible that targeting antigen directly to antigen-presenting clinical studies. While numerous adjuvants have been utilized
cells (APCs) may provide a new level of potency above that in clinical trials, Alum remains the only adjuvant licensed
afforded by co-administration of antigen with adjuvant. for use in human vaccines. Despite concerted efforts, the
efficacy of clinical trials using vaccination to treat existing
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Table 1. A Selection of Recent Tumor Antigens and Their T Cell Epitopes?
antigen tumor HLA epitope ref
(i) Unique Antigens
CASP-5 colon, gastric A2 FLIWQNTM 97
endometrial
COA-1 colorectal DR4/DR13 TLYQDDTLTLQAAG 98
OGT colorectal A2 SLYKFSPFP 99
NFYC lung (squamous) B52 QQITKTEV 100
(ii) Tumor Specific Antigens
KK-LC-1 melanoma B15 RQKRILVNL 101
KM-HN-1 melanoma A24 NYNNFYRFL 102
A24 EYSKECLKEF 102
A24 EYLSLSDKI 102
SAGE-1 melanoma A24 LYATVIHDI 103
Spl7 melanoma Al ILDSSEEDK 104
SSX-2 melanoma A2 KASEKIFYV 105
(iii) Differentiation Antigens
CEA colon, gut A2/3/24/DR4/11/13*
DR3 AYVCGIQNSVSANRS 106
DR7 TYYRPGVNLSLSC 106
DR7 EIIYPNASLLIQN 106
DR14 EIIYPNASLLIQN 106
DR14 NSIVKSITVSASG 106
kallikrein-4 prostate DP4 SVSESDTIRSISIAS 107
DR4 LLANGRMPTVLQCVN 107
DR7 RMPTVLQCVNVSVVS 107
mammaglobin-A breast A3 PLLENVISK 108
(iv) Overexpressed Antigens
adipophilin adipocytes A2 SVASTITGV 109
Ep-CAM epithelial cells A24 RYQLDPKFI 110
FGF5 brain, kidney A3 NTYASPRFK 111
mdm-2 brain, lung, muscle A2 VLFYLGQY 112
MMP-2 ubiquitous A2 GLPPDVQRV 113
PBF ovary, pancreas B55 CTACRWKKACQR 114
spleen, liver
RAGE-1 retina A2 LKLSGVVRL 115
PLPPARNGGL 115
B7 SPSSNRIRNT 115
STEAP1 prostate A2 MIAVFLPIV 116
a2 Complete peptide database and T cell-defined tumor antigens can be found at http://www.cancerimmunity.org/peptidedatabase/
Tcellepitopes.htm. Numerous melanoma antigens have been identified for groups i, iii, and iv and are not included in this table.

cancers has at best been modest. As with the more insidioudBy utilizing intact recombinant proteins, it is more likely
or complex pathogens that have thus far eluded developmenthat there are peptide sequences that bind MHC class Il
of successful preventative vaccines, targeting tumor antigensmolecules and initiate CD4 responses and also present
directly to APCs may represent the next step forward in the peptides that bind to more than one MHC class | or Il
development of more potent anticancer treatments. haplotype. This is a distinct advantage of using intact
An ideal vaccine should prime naive CD&s well as recombinant tumor antigens. However, to overcome the
CD4" T cells. The CD4 T helper response is important in limitations of using single cytotoxic T cell epitopes, polytope

initiating and maintaining long-term immune responsgs. vaccines have been designed by producing recombinant
proteins consisting of a combination of T helper and/or

cytotoxic T cell epitopes.

Dendritic cells (DCs) are key players in the immune
system in that they link the innate immune response to the
adaptive immune respon$&Cs act as sentinels by sampling

(3) Giuntoli, R. L., II; Lu, J.; Kobayashi, H.; Kennedy, R.; Celis, E.
Direct costimulation of tumor-reactive CTL by helper T cells
potentiate their proliferation, survival, and effector functiGfin.
Cancer Res2002 8, 922-931.

(4) Knutson, K. L.; Disis, M. L. Tumor antigen-specific T helper cells
in cancer immunity and immunotherap@ancer Immunol. Im-
munother.2005 54, 721-728.

(5) Suhrbier, A. Polytope vaccines for the codelivery of multiple CD8
T-cell epitopesExpert Re. Vaccines2002 1, 207—-213.
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the environment for foreign antigens which are then pro- Table 2. Methods and Antigens Used for Antigen Loading
cessed and bound to surface MHC class | or || molecules of Dendritic Cells

for presentation to T cells in the lymph node. Peripheral DCs method antigen (peptide/protein) ref
are immature, and in this state, they actively phagocytose
antigens; once they mature, they express costimulatory peptide pulse

Peptides/Proteins

- ; X PSCA and PSA 117
markers, are less phagocytic, and readily migrate to the MUC1 118
draining lymph nodes and present antigen in the context of hAFP 119
MHC to T cells. These DCs can interact with naive T cells PSCA, PAP, PSMA, PSA 120
to initiate primary immune responses leading to activated PSA, PSMA, survivin, prostein, trp-p8 121
effector CD4 helper and CD8 cytotoxic T cells. It is protein pulse CEA 122
therefore crucial for antigens to bind or gain access to the PAP 123
intracellular pathways in DCs before they mature. In the penetratin MUC1 (peptide and protein) 124
conventional antigen presenting pathway, antigens endog- RNA
enously synthesized or viral proteins from virus-infected cells ,rna autologous tumor 125
or antigens that have gained access to the cytoplasm are allogeneic cells 126
presented by the class | antigen presentation pathway. cell lines 127
Antigens that gain access to the cell by endocytosis or tumor RNA 128
phagocytosis are directed to the lysosomes where they arerRNA in vitro transcribed 129
processed and then presented by the class Il antigen Tumor
presentation pathway. DCs have an alternative pathway for ymor lysate allogeneic medullary thyroid carcinoma 130
class | presentation denoted the “cross-presentation” pathway, melanoma 131
where cell-associated or soluble antigens access and are CT-26 cells 132
presented by MHC class | molecules to CDB cells. MCF-7, MDA-MB-231 133
apoptotic tumor cells NH-1 (B-ALL) 134
DC-Targeted Antigen Delivery Complexes
Current dendritic cell-based vaccines use autologous DCs #SP~Ad complex  hepatocellular carcinoma cells 135
that are harvested from patients and then loagedyo with mannan-Ag MUCL 136
antigen prior to re-administration to patients. While various Virus
strategies have been utilized to load antigen into DCs (Table adenovirus HCV NS3 137
2), by necessity all have been highly laborious. Targeting aFP 138
DCsin vivo via specific surface receptors represents amore CEA 139
direct and less laborious strategy and has been the subjectentivirus Sca-2, GP38, RABP1 140
of considerable recent investigation. A multitude of receptors Fusion
have been investigated, including mannose receptor (MR), tumor DC fusion allogeneic COLM-6 colon cancer cells 141
DC-SIGN, scavenger receptor (SR), DEC-205, and Toll-like multiple-myeloma cells 142

receptors.

C-Type Lectins. (1) Mannose ReceptorThe mannose
receptor (MR) is primarily present on DCs and macrophages,

which recognize carbohydrates (mannose, fucose, glucose,t ted that the MR is also involved i i tak q
GIlcNAc, and maltose) on the cell walls of infectious agentsuzerﬁvzry t?) MEI}-| c C:ZS‘ZS? Irrrll\:J(I)evceul élgp?i?tigjgrllilp 3viteh an
bacteria and yeast). Once binding occurs, aggregation an - I

( yeast) 9 ggreg mannose modified by oxidatios.

receptor-mediated endocytosis and phagocytosis take place. } . i )
The MR is found in endosomes which transit to the cell

The MR is part of the multilectin receptor family and S '
provides a link between innate and adaptive immunity. surface, where it binds ligands and recycles from the cell

The high level of expression of MR on DCs and mac-
rophages indicates that it is a key molecule in antigen (9) Avrameas, A.; Mcllroy, D.; Hosmalin, A.; Autran, B.; Debre, P.;

recognition®® The MR on macrophages and immature DCs Monsigny, M.; Roche, A. C.; Midoux, P. Expression of a
mannose/fucose membrane lectin on human dendritic &alis.

J. Immunol.1996 26, 394—400.

(6) Wilson, N. S.; Villadangos, J. A. Regulation of antigen presenta- (10) Ezekowitz, R. A.; Sastry, K.; Bailly, P.; Warner, A. Molecular

is involved in endocytosis and phagocytd$end facilitates
an important pathway for antigen uptake and delivery to
MHC class Il molecule$!*? Further, it has been demon-

tion and cross-presentation in the dendritic cell network: Facts, characterization of the human macrophage mannose receptor:
hypothesis, and immunological implicatiofsdy. Immunol.2005 Demonstration of multiple carbohydrate recognition-like domains
86, 241-305. and phagocytosis of yeasts in Cos-1 cellsExp. Med.199Q
(7) Apostolopoulos, V.; McKenzie, I. F. Role of the mannose receptor 172 1785-1794.
in the immune respons€urr. Mol. Med.2001, 1, 469-474. (11) Engering, A. J.; Cella, M.; Fluitsma, D.; Brockhaus, M.; Hoefsmit,
(8) Apostolopoulos, V.; Barnes, N.; Pietersz, G. A.; McKenzie, I. F. E. C.; Lanzavecchia, A.; Pieters, J. The mannose receptor functions
Ex vivo targeting of the macrophage mannose receptor generates as a high capacity and broad specificity antigen receptor in human
anti-tumor CTL response¥accine200Q 18, 3174-3184. dendritic cells.Eur. J. Immunol1997, 27, 2417-2425.
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surface through the endosomal pathway. It then dissociateso bind cells which were positive for MHC class I,
due to the lower pH found in endosomédsndocytosis by  sialoadhesin, and CD11c but negative for markers such as
the DC via the MR takes place in small coated vesicles, and F4/80, FDC-M2, CD11b, B220, and CD4; these cells were
shortly thereafter, the MR and its ligand appear in larger found to localize to B cell follicles and initiate humoral
vesicles, followed by colocalization with MHC class Il immune responses and activation of T célls.

molecules in lysosomés.Mannosylated peptides and pro-  The use of mannan to aid induction of T1-mediated
teins are able to stimulate MHC class Il restricted peptide immune responses and cytotoxic T cells (CTL) has also been
specific T cells with 206-10000-fold higher efficiency than  investigated. When cationic liposomes with HIV-1 DNA
are peptides or proteins which have not been mannosyfated. incorporated were coated with mannan before administration,
Furthermore, uptake via the MR by DCs results in 100-fold HIV specific CTL responses, T1-type cytokine IFN-and
enhanced presentation of soluble antigens to T cells asdelayed-type hypersensitivity responses were all enhanced,
compared to antigens internalized via the fluid pHageter as were IgG2a and IgA antibody respon&eBurthermore,
internalization, the MR transports antigens to MHC class Il- HER2 protein complexed to cholesteryl group-bearing man-
containing compartments in immature DCs for antigen nan or pullulan polysaccharides can evidently induce €D8
processing and presentation to T cells via MHC clas8 Il.  CTL cells which reject HER2 tumors?!

Various reports demonstrate that CD1 proteins are capable |t has been demonstrated that mannan conjugated to the
of antigen presentatio¥:'” Human CD1b can present non- tumor-associated antigen MUC1 can induce strong T1 or T2-
peptide components of mycobacterial antigens to T cells, type immune responses, depending on the mode of conjuga-
including lipid mycolic acid and lipoarabinomannan. The tion22 MUC1 conjugated to mannan under reducing condi-
antigen presentation pathway for lipoarabinomannan has beenions (where no aldehydes or Schiff bases are present)
characterized, and the macrophage MR is clearly responsibleinduces strong T2-type immune responses with a high level
for uptake!® The MR is abundant in early endosomes and of IgG1 antibodies, IL-4 cytokine production, a low CTL
during MHC class Il loading, Lipoarabinomannan is taken precursor frequency, and no protection in mice against a
into early endosomes via the MR and from late endosomestumor challengé®-28 However, conjugation of MUC1 to
is loaded onto CD1b molecules for T cell presentatfon.

'CI':TDelIr study linked the MR to presentation of gIYQO“pIdS VI? (19) Berney, C.; Herren, S.; Power, C. A.; Gordon, S.; Martinez-

an,d suggested that the MR plays a critical role in Pomares, L.; Kosco-Vilbois, M. H. A member of the dendritic

processing of carbohydrate antigens. cell family that enters B cell follicles and stimulates primary
A fusion protein containing the cysteine-rich domain of antibody responses identified by a mannose receptor fusion

the murine MR and the Fc portion of human IgG1 was able protein.J. Exp. Med1999 190, 851-860.
(20) Toda, S.; Ishii, N.; Okada, E.; Kusakabe, K. I.; Arai, H,;

Hamajima, K.; Gorai, |.; Nishioka, K.; Okuda, K. HIV-1-specific

(12) Tan, M. C.; Mommaas, A. M.; Drijfhout, J. W.; Jordens, R.; cell-mediated immune responses induced by DNA vaccination
Onderwater, J. J.; Verwoerd, D.; Mulder, A. A.; van der Heiden, were enhanced by mannan-coated liposomes and inhibited by anti-
A. N.; Scheidegger, D.; Oomen, L. C.; Ottenhoff, T. H.; Tulp, interferon-gamma antibodymmunology1997 92, 111-117.

A.; Neefjes, J. J.; Koning, F. Mannose receptor-mediated uptake (21) Shiku, H.; Wang, L.; Ikuta, Y.; Okugawa, T.; Schmitt, M.; Gu,
of antigens strongly enhances HLA class ll-restricted antigen X.; Akiyoshi, K.; Sunamoto, J.; Nakamura, H. Development of a
presentation by cultured dendritic celsur. J. Immunol.1997, cancer vaccine: Peptides, proteins, and DBAncer Chemother.
27, 2426-2435. Pharmacol.200Q 46, S77-S82.

(13) Apostolopoulos, V.; Pietersz, G. A.; Gordon, S.; Martinez- (22) Pietersz, G. A.; Li, W.; Popovski, V.; Caruana, J. A.; Apostol-
Pomares, L.; McKenzie, I. F. Aldehyde-mannan antigen com- opoulos, V.; McKenzie, I. F. Parameters for using mannan-MUC1
plexes target the MHC class | antigen-presentation pathiary. fusion protein to induce cellular immunityCancer Immunol.

J. Immunol.200Q 30, 1714-1723. Immunother1998 45, 321-326.

(14) Tietze, C.; Schlesinger, P.; Stahl, P. Mannose-specific endocytosis(23) Apostolopoulos, V.; Pietersz, G. A.; Loveland, B. E.; Sandrin,
receptor of alveolar macrophages: Demonstration of two func- M. S.; McKenzie, |. F. Oxidative/reductive conjugation of mannan
tionally distinct intracellular pools of receptor and their roles in to antigen selects for T1 or T2 immune responsg®c. Natl.
receptor recyclingJ. Cell Biol. 1982 92, 417—424. Acad. Sci. U.S.A1995 92, 10128-10132.

(15) Mahnke, K.; Guo, M.; Lee, S.; Sepulveda, H.; Swain, S. L.; (24) Apostolopoulos, V.; Pietersz, G. A.; McKenzie, |. F. Cell-mediated
Nussenzweig, M.; Steinman, R. M. The dendritic cell receptor immune responses to MUCL1 fusion protein coupled to mannan.

for endocytosis, DEC-205, can recycle and enhance antigen Vaccinel1996 14, 930—938.
presentation via major histocompatibility complex class II-positive (25) Lees, C. J.; Apostolopoulos, V.; Acres, B.; Ong, C. S.; Popovski,

lysosomal compartmentd. Cell Biol. 200Q 151, 673-684. V.; McKenzie, I. F. The effect of T1 and T2 cytokines on the
(16) Porcelli, S. A. The CD1 family: A third lineage of antigen- cytotoxic T cell response to mannan-MUQZancer Immunol.
presenting moleculef\dv. Immunol.1995 59, 1—98. Immunother200Q 48, 644—652.
(17) Porcelli, S. A.; Modlin, R. L. CD1 and the expanding universe (26) Lees, C. J.; Apostolopoulos, V.; McKenzie, |. F. Cytokine
of T cell antigensJ. Immunol.1995 155 3709-3710. production from murine CD4 and CD8 cells after mannan-MUC1
(18) Prigozy, T. |.; Sieling, P. A.; Clemens, D.; Stewart, P. L.; Behar, immunization.J. Interferon Cytokine Re4999 19, 1373-1379.
S. M.; Porcelli, S. A.; Brenner, M. B.; Modlin, R. L.; Kronenberg, (27) Lofthouse, S. A.; Apostolopoulos, V.; Pietersz, G. A.; Li, W.;
M. The mannose receptor delivers lipoglycan antigens to endo- McKenzie, I. F. Induction of T1 (cytotoxic lymphocyte) and/or
somes for presentation to T cells by CD1b moleculesnunity T2 (antibody) responses to a mucin-1 tumour antigésccine
1997 6, 187-197. 1997 15, 1586-1593.
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mannan under oxidizing conditions (where aldehydes and sylatedEscherichia coliprotein at maturing DCs. Further-
Schiff bases are present) yields an immunogen that generatemore, the mannosylated antigen was internalized by DCs
a T1-type response, as indicated by COIBILs, a low level more efficiently and also enhanced stimulation in an autolo-
of IgG2a antibodies, and IL-12 and IFNcytokine produc- gous MLR. To retain the characteristics of mannose rich
tion.23-28 Both conjugate formulations evidently bind equally carbohydrates and the target mannose receptor on DCs,
to the MR and are taken up into early endosofitdswever, antigens have been expressed in yeast. Several recombinant
the reduced mannarMUCL fusion protein is preferentially ~ ovalbumin (OVA) proteins were generatedHithia pastoris
presented by the MHC class Il pathway, whereas the oxidizedthat contained no glycosylation, only O-linked glycosylation
mannar-MUC1 fusion protein is preferentially presented and N- and O-glycosylatioft. In all cases, mannosylated
by the MHC class | pathway. The aldehydes in the oxidized OVA generated more potent antigen specific proliferation
mannar-MUCL1 fusion protein are crucial for endosomal than the nonmannosylated OVA. When MR knockout and
escape of antigen into the cytopladhiThese observations  wild-type mouse bone marrow-derived DCs (BMDC) were
provided the first demonstration that the MR aids the compared in their ability to present the mannosylated OVA
introduction of antigens into the MHC class | pathway. to OT-Il T cells, no differences were seen, indicating that
Furthermoreexvivo targeting of the macrophage or DC MR  other mannose binding receptors also play a part in manno-
followed by transfer of these cells into mice, induces strong sylated antigen processing and presentation.
CTL responses, and protects mice against MUC1 tumor (2) DC-SIGN. The most recently identified member of
challenge®?°In contrast to mouse studies, oxidized mannan the MR family, the C-type lectin DC-SIGN, is expressed in
MUC1 fusion protein induced predominantly humoral im- large amounts on immature DCs, endothelial vascular cells,
mune responses in human clinical trials (see below). This and lymphatic vessels in tonsils. DC-SIGN was identified
was due to the presence of pre-existing naturak@aB)gal through its high-affinity interaction with ICAM-3 which
antibodies in humans (absent in mice) which diverted the facilitates interactions of DCs with T cells and contributes
immune respons¥. to the regulation of primary immune respong€®. In
Rather than utilizing a carbohydrate-linked antigen to addition to positive immunomodulatory functions, it is now
target the MR, a recombinant human anti-MR/tumor antigen evident that DC-SIGN contributes to HIV pathogenesis.
has been use®.The pmell7 melanoma-associated antigen HIV-1 binds to DC-SIGN, is transported by DCs into
was fused to the heavy chain to produce a fully human lymphoid tissues, and consequently facilitates HIV-1 infec-
protein, B11-pmell7. DCs treated with B11-pmell7 pre- tion of target CD4 T cells34:35
sented pmell7 in the context of class | and class Il molecules. In an effort to elucidate the molecular basis of internaliza-
CTL generated via B11-pmell7-pulsed DCs has multiple tion of antigen by DC-SIGN, the putative internalization
restricting elements but nevertheless only lysed HLA- motif within the cytoplasmic tail was modified, resulting in
matched targets. Chemical modification of the N-terminus reduced internalization after exposure to antigfehe
of the ectodomain L2 region of the ErbB2 receptor to carbohydrate specificity of murine DC-SIGN (mSIGNR1)
introduce a single mannose group has been undertaiéis is similar to that of human DC-SIGN. Both bind to mannose-
mannosylated protein was more potent than the nonmanno-containing ligands and interact with Le(x/y) and Le(a/b)
antigens; however, mSIGNR1 also interacts with sialylated
(28) McKenzie, I. F.; Apostolopoulos, V.; Lees, C.; Xing, P. X.; Lex, a ligand for selecting. The humanized antibody

Lofthouse, S.; Osinski, C.; Popovski, V.; Acres, B.; Pietersz, G.
Oxidised mannan antigen conjugates preferentially stimulate T1 (33) Lam, J. S.; Mansour, M. K.; Specht, C. A.; Levitz, S. M. A model

type immune responseget. Immunol. Immunopathd998 63, vaccine exploiting fungal mannosylation to increase antigen
185-190. immunogenicity.J. Immunol.2005 175 7496-7503.

(29) Apostolopoulos, V.; Lofthouse, S. A.; Popovski, V.; Chelvanaya- (34) Geijtenbeek, T. B.; Kwon, D. S.; Torensma, R.; van Vliet, S. J.;
gam, G.; Sandrin, M. S.; McKenzie, |. F. Peptide mimics of a van Duijnhoven, G. C.; Middel, J.; Cornelissen, I. L.; Nottet, H.
tumor antigen induce functional cytotoxic T celiat. Biotechnol. S.; KewalRamani, V. N.; Littman, D. R.; Figdor, C. G.; van
1998 16, 276-280. Kooyk, Y. DC-SIGN, a dendritic cell-specific HIV-1-binding

(30) Apostolopoulos, V.; Osinski, C.; McKenzie, |. F. MUCL1 cross- protein that enhances trans-infection of T ce@ll 2000 100,
reactive Gad(1,3)Gal antibodies in humans switch immune 587-597.
responses from cellular to humordat. Med.1998 4, 315- (35) Geijtenbeek, T. B.; Torensma, R.; van Vliet, S. J.; van Duijnhoven,
320. G. C.; Adema, G. J.; van Kooyk, Y.; Figdor, C. G. Identification

(31) Ramakrishna, V.; Treml, J. F.; Vitale, L.; Connolly, J. E.; O'Neill, of DC-SIGN, a novel dendritic cell-specific ICAM-3 receptor that
T.; Smith, P. A,; Jones, C. L.; He, L. Z.; Goldstein, J.; Wallace, supports primary immune respons€ell 2000 100, 575-585.

P. K.; Keler, T.; Endres, M. J. Mannose receptor targeting of tumor (36) Engering, A.; Geijtenbeek, T. B.; van Vliet, S. J.; Wijers, M,;
antigen pmell7 to human dendritic cells directs anti-melanoma van Liempt, E.; Demaurex, N.; Lanzavecchia, A.; Fransen, J.;
T cell responses via multiple HLA moleculek.Immunol.2004 Figdor, C. G.; Piguet, V.; van Kooyk, Y. The dendritic cell-specific
172 2845-2852. adhesion receptor DC-SIGN internalizes antigen for presentation

(32) Zhong, G.; Wang, J.; Xu, M.; Xie, Z.; Yu, M.; Wang, J.; Zhou, to T cells.J. Immunol.2002 168 2118-2126.

T.; Gong, W.; Sun, Y.; Hu, M.; Zhang, X.; Shen, B.; Guo, N.  (37) Koppel, E. A.; Ludwig, I. S.; Appelmelk, B. J.; van Kooyk, Y.;
Enhanced maturation and functional capacity of dendritic cells Geijtenbeek, T. B. Carbohydrate specificities of the murine DC-
induced by mannosylated L2 domain of ErbB2 recep&mand. SIGN homologue mSIGNRImmunobiology2005 210, 195-

J. Immunol.2005 62, 108-116. 201.
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hD1V1G2/G4 (hD1), directed against DC-SIGN, was re- (3) DEC-205.DEC-205 is an integral membrane protein
cently cross-linked to KLH This chimeric antibody homologous to the macrophage mannose receptor, which
protein complex (hD+KLH) bound specifically to DC- binds carbohydrates and mediates endocytésisllowing
SIGN and was rapidly internalized and translocated to the ligand binding, DEC-205 is rapidly internalized by means
lysosomal compartment of DCs. These DCs induced prolif- of coated pits and vesicles and is delivered to multivesicular
eration of patient PBMC at a concentration 100-fold lower endosomal compartments that resemble the MHC class II-
than that of KLH-alone pulsed DCs. In addition, hBKLH containing vesicles implicated in antigen presentation. Ex-
complex-targeted DCs induced proliferation of naive T cells tensive investigations into the molecular mechanisms of
which recognized KLH T cell epitopes presented by MHC DEC-205-mediated antigen uptake and processing have now
class | and I£8 been conducted, which collectively suggest that this molecule
In a recent study primarily aimed at generating L-SIGN represents a promising target for facilitation of delivery of
specific recombinant antibodies, Dakappagari and colleaguesantigens to APCs.
generated an antibody that cross-reacted with DC-SIGN and The cytosolic tail of DEC-205 was fused to the external
investigated its potential for functional targeting of antigen domain of the CD16 Fereceptor and was studied in stable
to DCs?®® A sequence encoding a known Th epitope from L cell transfectant$® The DEC-205 tail recycled CD16
tetanus toxoid (TT) was incorporated into the antibody through MHC ll-positive late endosomal/lysosomal vacuoles
sequence, and the resulting antibody (E10-632DR) wasand also mediated a 100-fold increase in the level of
pulsed with DCs and tested for ability to stimulate recall presentation of antigen to CD4T cells.
proliferative responses using T cells from previously TT-  An anti-DEC-205 monoclonal antibody chemically coupled
immunized donors. Despite prior immunization, only T cells to ovalbumin (OVA) protein stimulated OVA specific CD4
from one of four donors proliferated in response to Th helper and CD8 T cells by CD11¢ lymph node DCs, but not by
epitope alone, in positive control assays. Notably, however, CD11c DCs# Receptor-mediated presentation by MHC
in that donor, autologous DCs pulsed with E10-632DR class | was 400 times more efficient than that induced by
induced significant proliferation above that of the control OVA alone and was TAP-dependent. Following subcutane-
antibody, and furthermore, the magnitude of these prolifera- ous injection of an anti-DEC-265%antibody-OVA conju-
tive responses correlated directly with the amount of E10- gate, uptake by draining lymph node DCs was evident within
632DR used to pulse DCs. 48 h, and OVA derivatives were presented to TCR-transgenic
While recombinant antibodies represent an obvious can- CD8" cells 400 times more effectively than when OVA alone

didate vehicle for targeting of antigen to DC-SIGN, other was utilized. Additionally, simultaneous delivery of anti-
less obvious vehicles have been investigated. Steegh4%et al. DEC-205-antibody-OVA conjugates with anti-CD40 an-
have reported an intriguing study in which a novel form of tibody (a DC maturation stimulus) further enhanced immune
LPS (IgtB), derived from a mutari¥eisseria meningitidis ~ responses (IL-2, IFN-production, CTL, and tumor protec-
strain was found to have high affinity and be readily internal- tion) in ziz0.#> A subsequent study showed that anti-DEC-
ized by human DC-SIGN. Rather than generating composites205 monoclonal antibody conjugated to the melanoma
of IgtB with recombinant peptides or pathogen-derived pro- antigen tyrosinase-related protein TRP-2 protected mice
teins, the group assessed the differential effects of the mutantagainst B16 tumor cell growth and slowed growth of
bacterial strain on DCs as compared to those of the wild- established B16 tumoféMoreover, 70% of mice were cured
type strain. Internalization of mutant strains was markedly of existing tumors via injection of anti-DEC-205 monoclonal
enhanced, and further, subsequent cellular responses induceantibody conjugated to two different melanoma antigens
by mutant-pulsed DCs were skewed toward a T1 response,(TRP-2 and gp100); both CD4 and CD8 responses were
rather than the T2 responses induced by wild-type strains.induced. Thus, targeting DCs using DEC-205-directed
antibody-antigen conjugates represents a novel method of
(38) Tacken, P. J.; de Vries, I. J.; Gijzen, K.; Joosten, B.; Wu, D.; inducing long-lasting antitumor immunity.

Rother, R. P.; Faas, S. J.; Punt, C. J.; Torensma, R.; Adema, G. Despite preliminary data suggesting that DNA vaccines

J.; Figdor, C. G. Effective induction of naive and recall T-cell might provide a robust and cheap means of vaccination

responses by targeting antigen to human dendritic cells via a

humanized anti-DC-SIGN antibodglood2005 106, 1278-1285. (41) Jiang, W.; Swiggard, W. J.; Heufler, C.; Peng, M.; Mirza, A.;
(39) Dakappagari, N.; Maruyama, T.; Renshaw, M.; Tacken, P.; Figdor, Steinman, R. M.; Nussenzweig, M. C. The receptor DEC-205

C.; Torensma, R.; Wild, M. A.; Wu, D.; Bowdish, K.; Kretz- expressed by dendritic cells and thymic epithelial cells is involved

Rommel, A. Internalizing antibodies to the C-type lectins, L-SIGN in antigen processindNature 1995 375 151-155.

and DC-SIGN, inhibit viral glycoprotein binding and deliver  (42) Bonifaz, L.; Bonnyay, D.; Mahnke, K.; Rivera, M.; Nussenzweig,

antigen to human dendritic cells for the induction of T cell M. C.; Steinman, R. M. Efficient targeting of protein antigen to

responses]. Immunol.2006 176, 426—-440. the dendritic cell receptor DEC-205 in the steady state leads to
(40) Steeghs, L.; van Vliet, S. J.; Uronen-Hansson, H.; van Mourik, antigen presentation on major histocompatibility complex class |

A.; Engering, A.; Sanchez-Hernandez, M.; Klein, N.; Callard, R.; products and peripheral CBS8T cell toleranced. Exp. Med2002

van Putten, J. P.; van der Ley, P.; van Kooyk, Y.; van de Winkel, 196, 1627-1638.

J. G.Neisseria meningitidigxpressing IgtB lipopolysaccharide  (43) Mahnke, K.; Qian, Y.; Fondel, S.; Brueck, J.; Becker, C.; Enk,

targets DC-SIGN and modulates dendritic cell functi@ell. A. H. Targeting of antigens to activated dendritic cells in vivo cures

Microbiol. 2006 8, 316-325. metastatic melanoma in mic8ancer Res2005 65, 7007—7012.
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against a multitude of diseases, more than two decades aftetively charged proteins. Maleylated ovalbumin evidently
their initial development no human DNA vaccine has yet binds to the SR, enhancing its presentation to ovalbumin
proved to be sufficiently effective to warrant commercializa- specific MHC class I-restricted CTLs by macrophages and
tion. Strategies aimed at increasing the “general” immuno- B cells#® Maleylated diphtheria toxoid has also been
genicity of DNA vaccines such as incorporation of cytokine demonstrated to be more immunogenic than nonmaleylated
DNA have led to greater immunogenicity in experimental diphtheria toxoid, yielding enhanced antibody and T cell
contexts but have not achieved the ultimate aim of protective proliferative responses.In chickens, immunization with
immunity. Recently, successful DEC-205 targeting via a maleylated bovine serum albumin (BSA) resulted in specific
DNA vaccine has provided evidence that targeting to relevant binding to SRs and modulated the Thl immune response
APCs may substantially enhance their immunogenicity and via antibodies. In addition, high levels of IPNNRNA were
could represent the next avenue of investigation toward detected in splenocytes, while nonmaleylated BSA induced
achieving protective immunity against disease via adminis- Th2 immune responsés.
tration of DNA constructs in humans. Moreover, DNA  \When the alcohol metabolites malondialdehyde and ac-
encoding a single-chain antibody fragment (scFv) from etaldehyde are combined with hen egg lysozyme protein,
NLDC-145, a monoclonal antibody against murine DEC- stable adducts (oxidative products) are formed. Strong
205, fused with a model protein stimulated both humoral antibody responses and T cell proliferation are induced after
and cellular responses vivo.* immunization in animal models. Studies have suggested that
(4) Dendritic Cell-Associated C-Type Lectin-1 (Dectin- such immune responses may be mediated by SRs that
1) and Lectin-2 (Dectin-2).Dectin-1 and -2 are C-type lectin  recognize malondialdehyde and acetaldehyde-adducted pro-
receptors expressed on DCs, macrophages, neutrophils, antkins®? In an elegant study into the potential of injectable
monocytes and are receptors fbglucan-recognizingl,3- nanoparticles to selectively deliver antigen to a target cell
andp1,6-linked glucans on yeast cell watfs!® Dectin-1 can type, Broz et aP? successfully targeted the SRzitro, using
initiate inflammatory responses by the presence of an ITAM ~200 nm triblock copolymer “nanocontainers”. Biotin was
in its cytoplasmic tail. Dectins are expressed on GDBD4~ incorporated into these particles at the production stage,
DCs and dermal DCs. The ability of Dectin-1 and Dectin-2 allowing targeting molecules to be coupled via streptavidin.
to present antigen was studied using OVA conjugated to anThe oligonucleotide polyguanylic acid was used as the SR-
anti-Dectin monoclonal antibody:*¢Using adoptive transfer  targeting agent, and particles were loaded with fluorescent
of CD8" T cells from OT-I mice to B6CD45.1 mice, Carter molecules (as model “antigen”) to allow visualization of
et al. demonstrated that when mice were immunized with a binding of the nanoparticle to and uptake of the nanopatrticle
1 ug dose of free or conjugated antigens, only conjugated by target cells, and intracellular antigen processing. Strong
antigens generated significant expansion of T cells in the receptor specific binding of nanoparticles was observed
draining lymph nodes of these mice. Furthermore, only the within 30 min of the addition of nanoparticles to SRells,
conjugated antigens stimulated antigen specific #Fas peaking at~3 h. No binding to SR cells was observed.
detected by ELISpot analysis. Using confocal microscopy, Broz et al. demonstrated that
Scavenger Receptor.The scavenger receptor (SR) is localization of the particles was to intracellular vesicles and
primarily present on macrophages and can internalize en-surmized processing through the endocytotic pathW#ay.

dotoxins, oxidized low-density lipoproteins, and other nega- Interestingly, there was a lack of nonspecific binding of the
nanoparticles to cells devoid of SR. One of the main

(44) Demangel, C.; Zhou, J.; Choo, A. B.; Shoebridge, G.; Halliday,
G. M.; Britton, W. J. Single chain antibody fragments for the (49) Bansal, P.; Mukherjee, P.; Basu, S. K.; George, A.; Bal, V.; Rath,

selective targeting of antigens to dendritic ceN&ol. Immunol. S. MHC class I-restricted presentation of maleylated protein
2005 42, 979-985. binding to scavenger receptoiks. Immunol.1999 162 4430-

(45) McGreal, E. P.; Rosas, M.; Brown, G. D.; Zamze, S.; Wong, S. 4437.

Y.; Gordon, S.; Martinez-Pomares, L.; Taylor, P. R. The (50) Abraham, R.; Singh, N.; Mukhopadhyay, A.; Basu, S. K.; Bal,
carbohydrate-recognition domain of Dectin-2 is a C-type lectin V.; Rath, S. Modulation of immunogenicity and antigenicity of
with specificity for high mannoseSlycobiology2006 16, 422— proteins by maleylation to target scavenger receptors on mac-
430. rophagesJ. Immunol.1995 154, 1-8.

(46) Ryan, E. J.; Marshall, A. J.; Magaletti, D.; Floyd, H.; Draves, K. (51) Vandaveer, S. S.; Erf, G. F.; Durdik, J. M. Avian T helper one/
E.; Olson, N. E.; Clark, E. A. Dendritic cell-associated lectin-1: two immune response balance can be shifted toward inflammation
A novel dendritic cell-associated, C-type lectin-like molecule by antigen delivery to scavenger receptdteult. Sci.2001, 80,
enhances T cell secretion of IL-4. Immunol2002 169, 5638- 172-181.

5648. (52) Willis, M. S.; Klassen, L. W.; Tuma, D. J.; Sorrell, M. F.; Thiele,

(47) Carter, R. W.; Thompson, C.; Reid, D. M.; Wong, S. Y.; Tough, G. M. Adduction of soluble proteins with malondialdehyde-
D. F. Induction of CD& T cell responses through targeting of acetaldehyde (MAA) induces antibody production and enhances
antigen to Dectin-2Cell. Immunol.2006 239, 87—-91. T-cell proliferation.Alcohol.: Clin. Exp. Re2002 26, 94—106.

(48) Carter, R. W.; Thompson, C.; Reid, D. M.; Wong, S. Y.; Tough, (53) Broz, P.; Benito, S. M.; Saw, C.; Burger, P.; Heider, H.; Pfisterer,
D. F. Preferential induction of CDA T cell responses through in M.; Marsch, S.; Meier, W.; Hunziker, P. Cell targeting by a
vivo targeting of antigen to dendritic cell-associated C-type lectin- generic receptor-targeted polymer nanocontainer platfarm.

1. J. Immunol.2006 177, 2276-2284. Controlled Releas@005 102 475-488.
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hindrances suffered by conventional antigen-targeting ap-induced. Thus, targeting both TLR7 and TLR8 is effective
proaches (nonspecific uptake by phagocytes) can thus ben eliciting a spectrum of immune responsesviz0.5°
circumvented using receptor specific nanoparticles that TLR9 knockout mouse DCs are unable to induce secretion
exhibit very weak polymerprotein interaction. of IL-12 and type 1 IFN when CpG or viral plasmids are
Heat shock proteins (HSPs) are molecular chaperones thatised. However, DNA vaccination experiments showed that
control folding of biosynthetic proteins. Previous studies have TLR9 knockout mice are able to induce Thl antibody and
demonstrated that HSPs from tumor cells are capable ofIFNy responses; thus, TLR9 signaling is not an absolute
generating tumor specific CTL responsés viz0.5* In requirement for eliciting T and B cell responses to DNA-
addition, antigens covalently linked to HSPs or fused as a encoded antigens. However, TLR9 signaling tended to
recombinant construct initiate MHC class I-mediated immune enhance plasmid adjuvant effects on antigen specific immune
response® The receptor for HSP on DCs has been identified response&’
as LOX-1, a member of the scavenger receptor fafiity. To investigate the role of TLR4, thim vivo antitumor
HSP did not bind other scavenger receptors, CD36, SRA-1, effect of intratumoral administration of DCs after chemo-
MARCO or CLA-1. Mice immunized with OVA conjugated therapy using an oral fluoropyrimidine anticancer drug TS-1
to an anti-LOX-1 antibody were protected from a lethal followed by immunotherapeutic agent OK-432 was inves-
OVAT tumor challenge, and the therapeutic response wastigated in two syngeneic tumor-bearing mouse models. In
dependent on the presence of CDB cells®’ both Meth-A fibrosarcoma-bearing BALB/c mice and SC-
Toll-like Receptors. Using specific Toll-like receptor  CVIl-bearing C3H/HeN mice, 1 week of oral administration
(TLR) ligands which target both DCs and B cells, it has of TS-1 effected partial eradication of established tuniérs.
proven to be possible to induce both cellular and humoral Intratumoral injection of DCs and OK-432 caused only slight
immune responses following immunization. It has been inhibition of the tumor growth. However, administration of
demonstrated that TLR7 agonists directly activate plasma- TS-1 followed by DCs and OK-432 resulted in a marked
cytoid DCs and TLR8 agonists directly activate myeloid DCs inhibition in tumor growth. The same therapy was also used
and monocyte-derived DCs. TLR7 agonists are more effec-to treat SCCVII-bearing C3H/HeJ mice in which TLR4 is
tive than TLR8 agonists at inducing IBN IFN-inducible deficient and no immunotherapeutic effect was obsef¥ed.
protein, and IFN-inducible T cetk chemoattractant produc- Thus, TLR4 signaling is important in the success of this
tion by human PBMC; in contrast, TLR8 agonists are more therapy.
effective than TLR7 agonists at inducing proinflammatory A totally synthetic vaccine has been developed which
cytokines and chemokines, TNFIL-12, and MIP-1.58 In targets TLR2 and consists of a single T cell epitope (a target
one study, when a TLR7 agonist (R-848) was injected into epitope from influenza virusl.isteria monocytogenesor
mice, enhanced IL-12p70 and IFNxpression and enhanced ovalbumin) that is recognized by either CD8 cells or B
expression of CD80, CD86, and CD40 on DCs were cells, and a TLR2 lipid moietys[2,3-bis(palmitoyloxy)-
observed. However, CD8I cell responses were poor when propyl]cysteine, situated between the peptide epitopes to form
the agonist was administered with HIV-1 Gag prot&iim a branched configuratidid.Each of the vaccines was capable
contrast, when a TLR7/8 agonist was conjugated to HIV-1 of inducing CD8 T cell responses and antibodies. The
Gag protein, substantial Th1/CD8 cell responses were lipidated vaccines, but not the nonlipidated vaccines, were
able to mediate protection against viral or bacterial infection
(54) Srivastava, P. K. Immunotherapy for human cancer using heat and mediate prophylactic and therapeutic anticancer activity.
shock protein-peptide complexsurr. Oncol. Rep2005 7, 104~ Thus, a totally synthetic, epitope-based vaccine which targets
108. TLR2 may represent a simple method of inducing cellular
(55) Suzue, K.; Zhou, X.; Eisen, H. N.; Young, R. A. Heat shock fusion and humoral immune responses.

proteins as vehicles for antigen delivery into the major histocom- There has been much emphasis recently on enhancing the
patibility complex class | presentation pathw&yoc. Natl. Acad. P y 9

Sci. U.S.A1997 94, 13146-13151. potency of vaccines by incorporating adjuvants that target
(56) Delneste, Y. Scavenger receptors and heat-shock protein-mediated
antigen cross-presentatidsiochem. Soc. Tran2004 32, 633— (60) Tudor, D.; Dubuquoy, C.; Gaboriau, V.; Lefevre, F.; Charley, B.;
635. Riffault, S. TLR9 pathway is involved in adjuvant effects of
(57) Delneste, Y.; Magistrelli, G.; Gauchat, J.; Haeuw, J.; Aubry, J.; plasmid DNA-based vaccine¥accine2005 23, 1258-1264.
Nakamura, K.; Kawakami-Honda, N.; Goetsch, L.; Sawamura, (61) Ahmed, S. U.; Okamoto, M.; Oshikawa, T.; Tano, T.; Sasai, A.;
T.; Bonnefoy, J.; Jeannin, P. Involvement of LOX-1 in dendritic Kan, S.; Hiroshima, T.; Ohue, H.; Moriya, Y.; Ryoma, Y.; Saito,
cell-mediated antigen cross-presentatioomunity2002 17, 353— M.; Sato, M. Anti-tumor effect of an intratumoral administration
362. of dendritic cells in combination with TS-1, an oral fluoropyri-
(58) Gorden, K. B.; Gorski, K. S.; Gibson, S. J.; Kedl, R. M.; Kieper, midine anti-cancer drug, and OK-432, a streptococcal immuno-
W. C.; Qiu, X.; Tomai, M. A.; Alkan, S. S.; Vasilakos, J. P. potentiator: Involvement of toll-like receptor 4. Immunother.
Synthetic TLR agonists reveal functional differences between 2004 27, 432—-441.
human TLR7 and TLR8J. Immunol.2005 174, 1259-1268. (62) Jackson, D. C.; Lau, Y. F.; Le, T.; Suhrbier, A.; Deliyannis, G.;
(59) Wille-Reece, U.; Wu, C. Y.; Flynn, B. J.; Kedl, R. M.; Seder, R. Cheers, C.; Smith, C.; Zeng, W.; Brown, L. E. A totally synthetic
A. Immunization with HIV-1 Gag protein conjugated to a TLR7/8 vaccine of generic structure that targets Toll-like receptor 2 on
agonist results in the generation of HIV-1 Gag-specific Thl and dendritic cells and promotes antibody or cytotoxic T cell
CD8+ T cell responses]. Immunol.2005 174, 7676-7683. responsed?roc. Natl. Acad. Sci. U.S.R004 101, 15440-15445.
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TLRs on DCs, in animal models. TLR2,TLR4 5 TLR7 53
TLR8S* and TLR%® have all been targeted with adjuvants,

into mice and boosted after 6 weeks and anti-rat Ig titers
measured and compared to a control rat antif8dne 1gG

and all have demonstrated induction of enhanced immuneresponse (mainly IgG1) to anti-FIRE and anti-CIRE was 100-
responses above that of control vaccinations with the TLR fold greater than that of the nontargeted control rat antibody.
agonist absent. In addition to the TLR7/8-targeted study In contrast to a rat anti-DEC-205 antibody (NLDC-145), the

described abov®, another grouff has generated actual
TLR—antigen composite proteins in an effort to “directly”

magnitude of the response was not increased by the addition
of CpG oligodeoxynucleotide. It was apparent that the

target antigen to TLRs. Hueleatt et al. generated proteinsenhanced antibody responses could be attained without a

containing both a TLR 5 ligand (flagellin) and either of the
potentially protective OVA antigens or a novel polypetide

danger signal as there was no elevation of the level of CD80
or CD86 expression on DAr vivo after administration of

sequence containing two immunoprotective epitopes derivedanti-FIRE or anti-CIRE antibodies.

from the L. monocytogeneantigens p60 and listeriolysin.

Fc Receptors.Fc receptors (FcR) for immunoglobulins

Both vaccines resulted in potent antigen specific T and B link the humoral immune response and the cellular immune
cell responses, including rapid induction of antigen specific responsé? They also link the innate immune response to
IgG1 and IgG2a antibody and the development of protective the adaptive immune response by binding to pathogens and

CD8" T cell responses.

immune complexes internalized by APCs for presenting T

Substantial TLR-targeting vaccine trials have not yet been cell epitopes to activate T cells. There is a different FcR for
performed in humans. It remains to be determined whethereach class of immunoglobulin: && (IgA), FceR (IgE),

the “TLR-targeted adjuvant” approach will yield significant
benefits in humans or whether the more “direct targeting”
approach adopted by Wille-Reece et%nd Huleatt et &

will be required; this is likely to depend on the TLR subtype

FcyR (1gG), and Fo/uR (IgA and IgM). In mice, there are
four types of FgRs: FegRI (CD64), FgRIl (CD32),
FcyRIIl (CD16), and FgRIV. Previous studies have shown
that immune complexes present antigen more efficiently than

that is targeted, the antigens that are utilized, and the diseas@ntigen alone via the . The availability of various FCR

in question.

FIRE and CIRE. F4/80-like receptor FIRE is expressed
specifically on CD8CD4+ and CD8CD4 DCs and weakly
on monocytes and macrophagé€IRE is a C-type lectin
receptor expressed on CDBD4" and CD8CD4~ DCs with
no expression on macrophages or monoc$tesince rat
antibodies are immunogenic in micex§ of rat anti-FIRE
(6F12) and rat anti-CIRE (5H10) antibodies were injected

(63) Craft, N.; Bruhn, K. W.; Nguyen, B. D.; Prins, R.; Lin, J. W.;
Liau, L. M.; Miller, J. F. The TLR7 agonist imiquimod enhances
the anti-melanoma effects of a recombin&igteria monocyto-
genesvaccine.J. Immunol.2005 175 1983-1990.

(64) Xu, S. K. U.; Xu, M.; Wang, D.; Fitzpatrick, E.; Son, G.; Koski,
G.; Czerniecki, B. J. High-avidity antitumor T-cell generation by
toll receptor 8-primed, myeloid-derived dendritic cells is mediated
by IL-12 production.Surgery2006 140, 170-178.

(65) Den Brok, M. H.; Nierkens, S.; Bennink, E. J.; Toonen, L. W.;
Figdor, C. G.; Ruers, T. J.; Adema, G. J. Synergy between in
situ cryoablation and TLR9 stimulation results in a highly effective
in vivo dendritic cell vaccineCancer Res2006 66, 7285-7292.

(66) Huleatt, J. W.; Jacobs, A. R.; Tang, J.; Desai, P.; Kopp, E. B.;

Huang, Y.; Song, L.; Nakaar, V.; Powell, T. J. Vaccination with

recombinant fusion proteins incorporating Toll-like receptor

ligands induces rapid cellular and humoral immuniaccine

2006 (in press).

Caminschi, I.; Lucas, K. M.; O’'Keeffe, M. A.; Hochrein, H.;

Laabi, Y.; Kontgen, F.; Lew, A. M.; Shortman, K.; Wright, M.

D. Molecular cloning of F4/80-like-receptor, a seven-span mem-

brane protein expressed differentially by dendritic cell and

monocyte-macrophage subpopulatiodsImmunol.2001, 167,

3570-3576.

Caminschi, I.; Lucas, K. M.; O’'Keeffe, M. A.; Hochrein, H.;

Laabi, Y.; Brodnicki, T. C.; Lew, A. M.; Shortman, K.; Wright,

M. D. Molecular cloning of a C-type lectin superfamily protein

differentially expressed by CDg-) splenic dendritic cellsMol.

Immunol.2001, 38, 365-373.

(67)

(68)
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deficient mice has enabled the importance of the subtypes
of FcRs in antigen presentation to be studied. Immune
complexes consisting of OVA and polyclonal rabbit anti-
OVA antibody were presented 10 times more effectively to
T cells than noncomplexed OV vivo.”* In vivo T cell
proliferation in mice treated with OVA immune complexes
was no different iny-chairm’~ mice which lack FeRl,
FeyRIll, and Fe/RIV compared to the wild type. The extent
of CD8'" T cell proliferation was strongly reduced injHl/

[I/111 /= mice compared to that in the wild type; however,
there was no change in T cell proliferation inRdl~/~ mice.
Therefore, all receptors other thanyiRIV are capable of
uptake of immune complexes and presentation to CD8
cells.

(1) FeyRIIl. The human M-DC8 DC subset represents
~1% of PBMC, larger than the DC1 and DC2 populations,
expresses high levels of #RlIll, and lacks expression of
FcyRI.7273Delivery of a tetanus toxoid peptide (amino acids
830—-843) or a hepatitis C virus peptide (amino acids 1248

(69) Corbett, A. J.; Caminschi, I.; McKenzie, B. S.; Brady, J. L.;
Wright, M. D.; Mottram, P. L.; Hogarth, P. M.; Hodder, A. N.;
Zhan, Y.; Tarlinton, D. M.; Shortman, K.; Lew, A. M. Antigen
delivery via two molecules on the CB8dendritic cell subset
induces humoral immunity in the absence of conventional
“danger”. Eur. J. Immunol2005 35, 2815-2825.

(70) Nimmerjahn, F.; Ravetch, J. V. #ceceptors: Old friends and
new family membersimmunity2006 24, 19—28.

(71) de Jong, J. M.; Schuurhuis, D. H.; loan-Facsinay, A.; van der
Voort, E. I.; Huizinga, T. W.; Ossendorp, F.; Toes, R. E.; Verbeek,
J. S. Murine Fc receptors for IgG are redundant in facilitating
presentation of immune complex derived antigen to €0O8cells
in vivo. Mol. Immunol.2006 43, 2045-2050.

(72) de Baey, A.; Mende, |.; Riethmueller, G.; Baeuerle, P. A.
Phenotype and function of human dendritic cells derived from
M-DC8(+) monocytesEur. J. Immunol2001, 31, 1646-1655.
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1261) by conjugation to an anti-CD16 antibody (3G8) was
500 times more effective in activating specific CD# cell
clones than the free antigéh.Using an MHC class I-
restricted T cell epitope (amino acids 36977), it was
demonstrated that the M-DC&Eells were incapable of cross-
presenting antigens.

(2) FooRI. FooRI is expressed on cells of the myeloid
lineage. Interstitial-type DCs, CD34progenitor-derived
DCs, and monocyte-derived DCs expresstRt" Expres-
sion of F&xRI is upregulated after activation, and cross-
linking of FcoRI induces internalization of the receptor and
activation of DCS® Mice do not express I, and to study

was suggested that only antigen targeting with inflammatory
cytokines and not homeostatic chemokines leads to thera-
peutic immunity. Using specific antibodies [jght chains)

to chemokine receptors and a cloned human DR4-restricted
CD4 T cell specific for mouse C¥, “€ the delivery of antigen

via several chemokine receptors (CCR1, CCR2, CXCR4,
CCR5, CCR6, and CXCR1) was investigat@dCD14"
monocytes expressed high levels of CCR1, CCR2, and
CXCR4, whereas CCR5, CCR6, and CXCR1 were expressed
at intermediate levels. Monocyte DC expressed low levels
of all six chemokine receptors. When monocytes were used,
an APC antibody specific to CCR1, CCR2, and CXCR4

the presentation of antigens targeted via this receptor, llal.6induced 1006-10000-fold more efficient proliferation than
cells transfected with the receptor and bone marrow-derivedthe isotype-matched control antibody. Antibodies specific for

DCs (BMDCs) from FaRI transgenic mice have been
used’”” BMDCs cultured with GM-CSF alone or GM-CSF

CCR5 were 100-fold more efficient, while antibodies to
CCR6 and CXCR1 were only 10-fold more potent than the

and IL4 which had an immature phenotype expressed low control antibody®*When immature DCs were used, antigen

levels of FetRI which was upregulated by TNE Human
monocyte-derived DCs (MoDCs) had arofRI-positive and
-negative population, probably reflecting immature and
activated DCs. Only 40% of donors expressed a low level
of FcaRI on MoDC which increased to 780% of donors
when TNFe was used. When the presentation of OVA
antigen by MoDCs was studied via delivery of OVA as an
IgA immune complex to OVA specific T cells, T cell
activation was minimal despite culturing with TNFThere-
fore, it is unlikely that targeting antigen to humanoffd
will result in the generation of stronger immune responses.
Chemokine ReceptorsChemokines can be inflammatory,
and their secretion can be induced by inflammatory stimuli
or homeostatic where their production is important in normal
trafficking of lymphoid cells. Chemokine receptors are

delivery via CCR1 and CXCR4 was only #200-fold more
efficient, while the others were even less efficient than
controls. In contrast to Biragyn's vivo studies, antigen
targeted to a homeostatic chemokine receptor, CXCR4, also
stimulated efficient proliferation of T cells.

Bacterial Toxins. Bacterially derived toxins evidently
represent attractive candidates for use as vehicles for the
delivery of antigen to APCs. The level of genetic manipula-
tion now possible can eliminate their toxicity without compro-
mising their ligand binding or enzymatic qualities; this allows
for targeted delivery of experimentally coupled antigens to
APCs and subsequent intracellular processing culminating
in the presentation of the antigen to the wider immune sys-
tem. This avenue of research has primarily focused on induc-
tion of CD8" (cytotoxic) T cell responses via APC targeting

expressed on leukocytes, and there expression profile changesf CD8" epitopes that are subsequently processed in the cyto-
with cell differentiation. To target chemokine receptors on plasm by proteosomes and presented on MHC class | mole-
immature DCs, Biragyn et al. fused two chemokines, cules, which have proven to be protective in animal models.
interferon inducible protein 10 (IP-10), monocyte chemot- Successful vaccination (or treatment regimes) against some
actic protein 3 (MCP-3), ang-defensin 2 and 3 to the human diseases will probably require induction of C24
variable region of a single-chain antibody based on the Well as CD8 T cell responses. Recently, the bacterial toxins

idiotype of a murine B cell lymphom&:7°In these studies

Bordetella pertussiadenylate cyclageand modified anthrax

based on the therapeutic effect on a syngeneic lymphoma, ittoxin lethal factof? have led to simultaneous facilitation of

(73) Schakel, K.; Mayer, E.; Federle, C.; Schmitz, M.; Riethmuller,
G.; Rieber, E. P. A novel dendritic cell population in human
blood: One-step immunomagnetic isolation by a specific mAb
(M-DC8) and in vitro priming of cytotoxic T lymphocyte&ur.

J. Immunol.1998 28, 4084-4093.

(74) Mende, I.; Hoffmann, P.; Wolf, A.; Lutterbuse, R.; Kopp, E.;
Baeuerle, P. A.; de Baey, A.; Kufer, P. Highly efficient antigen
targeting to M-DC8- dendritic cells via FgRIII/CD16-specific
antibody conjugatednt. Immunol.2005 17, 539-547.
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One of the earliest demonstrations that bacterial toxin-

against some pathogens in experimental animal models, these

mediated delivery of a secondary antigen could promote observations may not hold true for humans, and for at least

effective CD8 T cell responses against that antigen was
provided more than 10 years agfoA CD8" T cell epitope
derived fromchoriomeningitisvirus was inserted into the
B. pertussigderived adenylate cyclase toxin (CyaA) without
interrupting the enzymatic properties of the toxin that
facilitated its entry into host cells. The construct was used
to sensitize cells ti vitro killing by peptide specific CD8

T cells. Subsequently, CDS8T cell responses were induced
in vivo®485and ultimately protection of the host against viral
challeng€e®® Furthermore, CD8T cell-mediated protection
againstL. monocytogenewas demonstrated using a bacte-
rially derived toxin utilizing components of anthrax toxin
which facilitated entry into the cell and delivery to the
cytosol. Following these early investigations, many reports

some pathogens, co-induction of both CD&nd CD4
responses will be required for induction of long-term
protective immunity via vaccination, or effective treatment
of existing disease. Recently, a number of groups have
investigated simultaneous targeting of antigens to MHC class
| and Il molecules via bacterial toxin derivatives, to elicit
both CD8 and CD4 T cell responses in vaccine recip-
ients.

In a preliminary study, a CD4T cell epitope derived from
E. coli maltose binding protein (MalE) was inserted ifg8o
pertussisCyaA, at sites previously determined not to disrupt
binding and invasiveness into target célsGenetic modi-
fication was employed to abolish the ability of the constructs
to convert ATP to cyclic AMP (and thus, their toxicityn

revealing that various bacterial toxins are amenable to fusionvitro presentation assays suggested that depending on the

with model antigens and subsequent induction of CD8
cell responsef vivo have emerged, including reports on
Pseudomanasxotoxin®’ the B subunit derived frork. coli
heat labile enterotoxiff and Diphtheriatoxin.2® These and

insertion site of the MalE epitope, constructs facilitated its
delivery into cells for endosomal processing and ultimately
MHC class Il presentation with varying degrees of success.
Constructs with the MalE epitope inserted within the first

other bacterial-toxin-vehicle-based studies have historically third of the molecule proved to be the most efficient, and
focused on achieving antigen presentation via MHC class | two of these were tested vivo. Mice were immunized with

molecules and subsequent CDB cell responses. While a
potent CD8 T cell response has proven to be protective

(82) McEvers, K.; Elrefaei, M.; Norris, P.; Deeks, S.; Martin, J.; Lu,
Y.; Cao, H. Modified anthrax fusion proteins deliver HIV antigens
through MHC Class | and Il pathway8accine2005 23, 4128—
4135.

(83) Sebo, P.; Fayolle, C.; d’Andria, O.; Ladant, D.; Leclerc, C.;
Ullmann, A. Cell-invasive activity of epitope-tagged adenylate
cyclase ofBordetella pertussigllows in vitro presentation of a
foreign epitope to CD& cytotoxic T cells.Infect. Immun1995
63, 3851-3857.

(84) Fayolle, C.; Sebo, P.; Ladant, D.; Ullmann, A.; Leclerc, C. In
vivo induction of CTL responses by recombinant adenylate cyclase
of Bordetella pertussigarrying viral CD8+ T cell epitopes.J.
Immunol.1996 156, 4697-4706.

(85) Karimova, G.; Fayolle, C.; Gmira, S.; Ullmann, A.; Leclerc, C;

Ladant, D. Charge-dependent translocatioBaifdetella pertussis

adenylate cyclase toxin into eukaryotic cells: Implication for the

in vivo delivery of CD8(t) T cell epitopes into antigen-presenting

cells. Proc. Natl. Acad. Sci. U.S.A998 95, 12532-12537.

Saron, M. F.; Fayolle, C.; Sebo, P.; Ladant, D.; Ullmann, A,;

Leclerc, C. Anti-viral protection conferred by recombinant ade-

nylate cyclase toxins frorBordetella pertussisarrying a CD&

T cell epitope from lymphocytic choriomeningitis viruBroc.

Natl. Acad. Sci. U.S.AL997, 94, 3314-33109.

Becerra, J. C.; Arthur, J. F.; Landucci, G. R.; Forthal, D. N.;

Theuer, C. P. CD8 T-cell mediated tumor protection by

Pseudomonagxotoxin fused to ovalbumin in C57BL/6 mice.

Surgery2003 133 404-410.

Hearn, A. R.; de Haan, L.; Pemberton, A. J.; Hirst, T. R.; Rivett,

(86)

(87)

(88)

the constructs and then sacrificed 1 week later and their
splenocytes harvested. Proliferation assays using a range of
concentrations of the MalE peptide to stimulate potential
responses revealed substantial proliferative responses had
occurred within 6 h of stimulation with peptide, and these
responses titrated consistently with the concentration of
peptide added. Thus, without adjuvant, genetically modified
CyaA was able to deliver a CD4epitope efficiently,
resulting in endosomal processing and MHC Il presentation,
both in witro and in 2iv0.%° In addition, the group then
endeavored to simultaneously elicit CD&nd CD4 re-
sponses using the CyaA epitope delivery systeAn OVA-
derived CD8 T cell epitope (OVAsz249 and a CD4 T

cell epitope derived fronk. coli maltose binding protein
(MalEyo0-114) Were incorporated into the same CyaA mol-
ecule (CyaA-MalE-OVA) and tested baithzitro andin vizo

for simultaneous CD8and CD4 T cell response induction.

In vitro, both MHC class | and MHC class Il presentation
and responses were observed. Using various inhibitors and
TAP-deficient DCs to elaborate on this finding, it was
demonstrated that after interaction of the construct with
CD11b, the adenyl cyclase domain can either be translocated
into the DC cytosol, leading to processing via the conven-
tional MHC class | pathway, or be degraded via the endocytic
pathway, culminating in MHC class Il presentation. Congru-
ent with thein vitro results,in »ivo administration of CyaA-
MalE-OVA simultaneously induced CTL responses to the
OVA-derived CD8 epitope and CD#% responses to the

A. J. Trafficking of exogenous peptides into proteasome-dependent MalE-derived CD4 epitope?!

major histocompatibility complex class | pathway following
enterotoxin B subunit-mediated delivedy.Biol. Chem2004 279,
51315-51322.

Shaw, C. A.; Starnbach, M. N. Stimulation of CB8I cells
following diphtheria toxin-mediated antigen delivery into dendritic
cells. Infect. Immun2006 74, 1001—-1008.

(89)
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(90) Loucka, J.; Schlecht, G.; Vodolanova, J.; Leclerc, C.; Sebo, P.
Delivery of a MalE CDA44)-T-cell epitope into the major
histocompatibility complex class Il antigen presentation pathway
by Bordetella pertussisdenylate cyclasénfect. Immun2002
70, 1002-1005.
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Furthermore, modified anthrax toxin lethal factor (LFn) many clinical trials that have utilized DCs pulsed vivo
fusion proteins have been shown to stimulate CO4cell with DC-targeted antigen. However, a number of Phase |
responses against HIV proteins in hum&haVhile the clinical trials targeting the MR have been completed. In one
mechanisms of APC entry are yet to be determined, trial, 25 patients with advanced metastatic adenocarcinoma
endosomal processing of HIV-derived GAG and NEF were injected with increasing doses of the manfisiyC1
proteins (collectively termed “Fn-HIV") and subsequent fusion protein®® High titers of IgG1 anti-MUC1 antibodies
MHC class Il presentation was clearly demonstrated  were produced in 13 of 25 patients (ranging from 1/320 to
vitro .82 1/20480 as assessed by ELISA). In addition, T cell pro-

While a vigorous CD8 T cell response is evidently liferation was found in 4 of 15 patients, and CTL responses
sufficient to prime protection against some pathogens, it hasin 2 of 10 patient$3%* Using flow cytometry, intra-
proven to be ineffective against more persistent or “insidious” cellular IL-2, IL-4, IFNy, and TNF were produced by
pathogens such as HIV and most cancers. Induction of CD4"CD69"- and CD8CD69"-activated T cells from
simultaneous CD# and CD8 responses represents a PBMCs of immunized patients, after MUC1 antigen stimula-
significant move forward in the quest for preventative tion.% In a randomized double-blind study, 31 postmeno-
vaccines, and “vaccines” designed to treat existing conditions. pausal women with estrogen-positive stage |l breast cancer
Recombinant bacterially derived toxins are emerging as with no more than four ipsilateral nodes involved and no
cheap and adaptable candidates toward achieving this aimevidence of distal disease were treated with a placebo (15

DC-Binding Peptides.To obtain peptides that specifically  patients) or the mannarMUC1 fusion protein (16 pa-
bind DCs, a 12-mer phage library was panned successivelytients)% All patients received tamoxifen. Four of the 15
on human monocytes, T cells, and B cells. Langerhans-like patients treated with a placebo had a relapse of disease, while
DCs and unbound phage were used to pan on myeloid®®Cs. none of the patients treated with the manndJC1 fusion
Three peptides (FYPSYHSTPQRP, AYYKTASLAPAE, and
SLSLLTMPGNAS) which specifically bound DCs were (93) Karanikas, V.; Hwang, L. A.; Pearson, J.; Ong, C. S.; Apostol-
selected. These peptides bound distinctly different proteins opoulos, V.; Vaughan, H.; Xing, P. X.; Jamieson, G.; Pietersz,
on the surface of immature DCs and were internalized. DCs G.; Tait, B.; Broadbent, R.; Thynne, G.; McKenzie, I. F. Antibody
pulsed with a recombinant fusion protein between the peptide ar_1d T cell responses of patients With ad_enocarcinoma immunized
and the hepatitis C virus nonstructural protein 3 (NS3) with mannan-MUC1 fusion proteinl. Clin. Invest. 1997 100,

. 2783-2792.
f’icuvateq a_Ut_Ologous CD4gnd CDSL_ cell_s from _HCV' (94) Karanikas, V.; Thynne, G.; Mitchell, P.; Ong, C. S.; Gunawardana,
infected individuals. The fusion protein primed naive CD4 D.; Blum, R.; Pearson, J.; Lodding, J.; Pietersz, G.; Broadbent,
and CD8 T cells in a NOD-SCID mouse xenotransplanted R.; Tait, B.; McKenzie, I. F. Mannan Mucin-1 Peptide Immuniza-
with PBLs and DCs from HCV subjects. Mice immunized tion: Influence of Cyclophosphamide and the Route of Injection.
with BMDCs pulsed with the fusion protein generated J. Immunother2001, 24, 172-183.
antigen specific cytokines (IFdNand TNF) and prolifera- ~ (95) Karanikas, V.; Lodding, J.; Maino, V. C.; McKenzie, I. F. Flow

cytometric measurement of intracellular cytokines detects immune

tive responses. In another study in which a phage librar X . )
P y phag Y responses in MUC1 immunotheragdlin. Cancer Res200Q 6,

containing 20-mer peptides was utilized to pan Langerhans 829837,

cells, the peptide GREDTSRAPENQQKTFHRRW was iso- (96) Apostolopoulos, V.; Pietersz, G. A.; Tsibanis, A.; Tsikkinis, A.;
lated with high frequenc$? A tetrameric peptide formulated Drakaki, H.: Loveland, B. E.: Piddlesden, S. J.: Plebanski, M.:
as a multiple-antigen peptide specifically targeted the Pouniotis, D. S.; Alexis, M. N.; McKenzie, I. F.; Vassilaros, S.
Langerhans cells and internalized a 40 nm quantum dot Pilot phase Ill immunotherapy study in early-stage breast cancer
nanoparticle. Phage incorporating the specific peptide primed ~ Patients using oxidized mannan-MUC1 [ISRCTN71711835].
antibody responses to the phage, while phage incorporating, __ Breast Cancer Re006 8, R27.

control nonbinding peptides were not immunogenic (97) Schwitalle, Y.; Linnebacher, M.; Ripberger, E.; Gebert, J.; von
g pep 9 ’ Knebel Doeberitz, M. Immunogenic peptides generated by frame-

o ] shift mutations in DNA mismatch repair-deficient cancer cells.
Clinical Studies Cancer Immunol2004 4, 14.

Despite pre"minary attempts to target antigen to mS (98) Maccalli, C.; Li, Y. F.; EI-GamiI, M.; Rosenberg, S. A.; Robbins,
vitro and a number of preclinical efficacy studies, success P. F. Identification of a colorectal tumor-associated antigen (COA-
in clinical trials has been limited. In contrast, there have been 1) recognized by CD4) T lymphocytesCancer Res2003 63,

~

6735-6743.
(99) Ripberger, E.; Linnebacher, M.; Schwitalle, Y.; Gebert, J.; von

(91) Curiel, T. J.; Morris, C.; Brumlik, M.; Landry, S. J.; Finstad, K.; Knebel Doeberitz, M. Identification of an HLA-A0201-restricted

Nelson, A.; Joshi, V.; Hawkins, C.; Alarez, X.; Lackner, A CTL epitope generated by a tumor-specific frameshift mutation

Mohamadzadeh, M. Peptides identified through phage display in a coding microsatellite of the OGT geng. Clin. Immunol.

direct immunogenic antigen to dendritic cells.Immunol.2004 2003 23, 415-423.

172 7425-7431. (100) Takenoyama, M.; Baurain, J. F.; Yasuda, M.; So, T.; Sugaya,
(92) McGuire, M. J.; Sykes, K. F.; Samli, K. N.; Timares, L.; Barry, M.; Hanagiri, T.; Sugio, K.; Yasumoto, K.; Boon, T.; Coulie, P.

M. A.; Stemke-Hale, K.; Tagliaferri, F.; Logan, M.; Jansa, K.; G. A point mutation in the NFYC gene generates an antigenic

Takashima, A.; Brown, K. C.; Johnston, S. A. A library-selected, peptide recognized by autologous cytolytic T lymphocytes on a

Langerhans cell-targeting peptide enhances an immune response. human squamous cell lung carcinora. J. Cancer2006 118

DNA Cell Biol. 2004 23, 742—-752. 1992-1997.
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protein relapsed (currently 9 years). Nine of 13 patients
treated with the mannarMUCL1 fusion protein had anti-
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Mizukami, M.; So, T.; Sugaya, M.; So, T.; Sugio, K.; Yasumoto,
K. ldentification of a new cancer/germline gene, KK-LC-1,
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Miyahara, Y.; Naota, H.; Wang, L.; Hiasa, A.; Goto, M.;

Watanabe, M.; Kitano, S.; Okumura, S.; Takemitsu, T.; Yuta,

A.; Majima, Y.; Lemonnier, F. A.; Boon, T.; Shiku, H.

Determination of cellularly processed HLA-A2402-restricted

novel CTL epitopes derived from two cancer germ line genes,

MAGE-A4 and SAGECIin. Cancer Res2005 11, 5581-5589.

(104) Chiriva-Internati, M.; Wang, Z.; Pochopien, S.; Salati, E.; Lim,
S. H. Identification of a sperm protein 17 CTL epitope restricted
by HLA-AL. Int. J. Cancer2003 107, 863—865.

(105) Ayyoub, M.; Merlo, A.; Hesdorffer, C. S.; Speiser, D.; Rimoldi,
D.; Cerottini, J. C.; Ritter, G.; Chen, Y. T.; Old, L. J.; Stevanovic,
S.; Valmori, D. Distinct but overlapping T helper epitopes in
the 37-58 region of SSX-2Clin. Immunol.2005 114, 70-78.

(106) Crosti, M.; Longhi, R.; Consogno, G.; Melloni, G.; Zannini, P.;

Protti, M. P. Identification of novel subdominant epitopes on

the carcinoembryonic antigen recognized by GD% cells of

lung cancer patientsl. Immunol.2006 176, 5093-5099.

Hural, J. A.; Friedman, R. S.; McNabb, A.; Steen, S. S,;

Henderson, R. A.; Kalos, M. Identification of naturally processed

CD4 T cell epitopes from the prostate-specific antigen kallikrein

4 using peptide-based in vitro stimulatioh. Immunol.2002

169 557-565.

Jaramillo, A.; Majumder, K.; Manna, P. P.; Fleming, T. P.;

Doherty, G.; Dipersio, J. F.; Mohanakumar, T. Identification of

HLA-A3-restricted CD8+ T cell epitopes derived from mam-

maglobin-A, a tumor-associated antigen of human breast cancer.

Int. J. Cancer2002 102 499-506.

Schmidt, S. M.; Schag, K.; Muller, M. R.; Weinschenk, T.;

Appel, S.; Schoor, O.; Weck, M. M.; Grunebach, F.; Kanz, L.;

Stevanovic, S.; Rammensee, H. G.; Brossart, P. Induction of

adipophilin-specific cytotoxic T lymphocytes using a novel HLA-

A2-binding peptide that mediates tumor cell lysancer Res.

2004 64, 1164-1170.

Tajima, K.; Demachi, A.; Ito, Y.; Nishida, K.; Akatsuka, Y.;

Tsujimura, K.; Kuwano, H.; Mitsudomi, T.; Takahashi, T.;

Kuzushima, K. Identification of an epitope from the epithelial

cell adhesion molecule eliciting HLA-A*2402-restricted cyto-

toxic T-lymphocyte responsesissue Antigen2004 64, 650

659.

(111) Hanada, K.; Yewdell, J. W.; Yang, J. C. Immune recognition of
a human renal cancer antigen through post-translational protein
splicing. Nature 2004 427, 252—256.

(112) Asai, T.; Storkus, W. J.; Mueller-Berghaus, J.; Knapp, W.;
DelLeo, A. B.; Chikamatsu, K.; Whiteside, T. L. In vitro
generated cytolytic T lymphocytes reactive against head and neck
cancer recognize multiple epitopes presented by HLA-A2,
including peptides derived from the p53 and MDM-2 proteins.
Cancer Immunol2002 2, 3.

(113) Godefroy, E.; Moreau-Aubry, A.; Diez, E.; Dreno, B.; Jotereau,
F.; Guilloux, Y. avs3-dependent cross-presentation of matrix
metalloproteinase-2 by melanoma cells gives rise to a new tumor
antigen.J. Exp. Med2005 202, 61—72.

(102)

(103)

(107)

(108)

(109)

(110)

70  MOLECULAR PHARMACEUTICS VOL. 4, NO. 1

MUC1 antibodies, and 40% displayed Ii*Ms detected by
ELISpot analysis. These studies suggest that targeting the
MR using mannatrantigen conjugates represents a promis-
ing immunization strategy that stimulates both humoral and

(114) Tsukahara, T.; Nabeta, Y.; Kawaguchi, S.; Ikeda, H.; Sato, Y.;
Shimozawa, K.; Ida, K.; Asanuma, H.; Hirohashi, Y.; Torigoe,
T.; Hiraga, H.; Nagoya, S.; Wada, T.; Yamashita, T.; Sato, N.
Identification of human autologous cytotoxic T-lymphocyte-
defined osteosarcoma gene that encodes a transcriptional regula-
tor, papillomavirus binding facto€ancer Res2004 64, 5442
5448.

Oehlrich, N.; Devitt, G.; Linnebacher, M.; Schwitalle, Y.;
Grosskinski, S.; Stevanovic, S.; Zoller, M. Generation of
RAGE-1 and MAGE-9 peptide-specific cytotoxic T-lymphocyte
lines for transfer in patients with renal cell carcinonfat. J.
Cancer2005 117, 256-264.

Rodeberg, D. A.; Nuss, R. A,; Elsawa, S. F.; Celis, E.
Recognition of six-transmembrane epithelial antigen of the
prostate-expressing tumor cells by peptide antigen-induced
cytotoxic T lymphocytesClin. Cancer Res2005 11, 4545-
4552.

Thomas-Kaskel, A. K.; Zeiser, R.; Jochim, R.; Robbel, C.;
Schultze-Seemann, W.; Waller, C. F.; Veelken, H. Vaccination
of advanced prostate cancer patients with PSCA and PSA
peptide-loaded dendritic cells induces DTH responses that
correlate with superior overall survivadht. J. Cancer2006 119,
2428-2434.

Wierecky, J.; Muller, M. R.; Wirths, S.; Halder-Oehler, E.;
Dorfel, D.; Schmidt, S. M.; Hantschel, M.; Brugger, W.;
Schroder, S.; Horger, M. S.; Kanz, L.; Brossart, P. Immunologic
and clinical responses after vaccinations with peptide-pulsed
dendritic cells in metastatic renal cancer patie@ancer Res.
2006 66, 5910-5918.

Butterfield, L. H.; Ribas, A.; Dissette, V. B.; Lee, Y.; Yang, J.
Q.; De laRocha, P.; Duran, S. D.; Hernandez, J.; Seja, E.; Potter,
D. M.; McBride, W. H.; Finn, R.; Glaspy, J. A.; Economou, J.
S. A phase I/l trial testing immunization of hepatocellular
carcinoma patients with dendritic cells pulsed with foufe-
toprotein peptidesClin. Cancer Res2006 12, 2817-2825.
Waeckerle-Men, Y.; Uetz-von Allmen, E.; Fopp, M.; von Moos,
R.; Bohme, C.; Schmid, H. P.; Ackermann, D.; Cerny, T.;
Ludewig, B.; Groettrup, M.; Gillessen, S. Dendritic cell-based
multi-epitope immunotherapy of hormone-refractory prostate
carcinomaCancer Immunol. Immunothe2006 55, 1524-1533.
(121) Fuessel, S.; Meye, A.; Schmitz, M.; Zastrow, S.; Linne, C.;
Richter, K.; Lobel, B.; Hakenberg, O. W.; Hoelig, K.; Rieber,
E. P.; Wirth, M. P. Vaccination of hormone-refractory prostate
cancer patients with peptide cocktail-loaded dendritic cells:
Results of a phase | clinical triaProstate2006 66, 811—-821.
Lesterhuis, W. J.; de Vries, I. J.; Schuurhuis, D. H.; Boullart,
A. C.; Jacobs, J. F.; de Boer, A. J.; Scharenborg, N. M.; Brouwer,
H. M.; van de Rakt, M. W.; Figdor, C. G.; Ruers, T. J.; Adema,
G. J.; Punt, C. J. Vaccination of colorectal cancer patients with
CEA-loaded dendritic cells: Antigen-specific T cell responses
in DTH skin testsAnn. Oncol.2006 17, 974-980.

Lin, A. M.; Hershberg, R. M.; Small, E. J. Immunotherapy for
prostate cancer using prostatic acid phosphatase loaded antigen
presenting cellsUrol. Oncol. 2006 24, 434—441.
Apostolopoulos, V.; Pouniotis, D. S.; van Maanen, P. J;
Andriessen, R. W.; Lodding, J.; Xing, P. X.; McKenzie, I. F.;
Loveland, B. E.; Pietersz, G. A. Delivery of tumor associated
antigens to antigen presenting cells using penetratin induces
potent immune responseégaccine2006§ 24, 3191-3202.

(115)

(116)

(117)

(118)

(119)

(120)

(122)

(123)

(124)



Receptor-Mediated Delery of Antigens to Dendritic Cells

reviews

cellular responses in patients. Collective considerations hereinvariety of antigens, taking advantage of this property of DCs.

strongly support the concept of conducting vaccine trials with
early stage patients or patients with low tumor burdens.

Conclusion

The potent adjuvant effect of DCs capable of priming naive
CD4" and CD8 T cell responses has triggered a large
number of clinical trials usingx vizo DC pulsed with a
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a maturation stimulus. Some of these can be rectified by clinical trials in patients with minimal residual disease before
utilizing whole protein antigens, multiple-protein antigens, immune evasion strategies of the tumor are triggered.
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