irradiacion. The AMFE was applied for 30 min.
The rumor temperature reached 43°C within
3 min and was mainmined ar 43°C by controlling
the magnetic field intensity. By contrast, the
rectal remperacure remained at 36°C. These
resules indicare that a hyperthermia system
using NPrCAP/M is able o selectively hear che
tumor, In addition, the rumor temperature was
maintained precisely within a small standard

deviacion, thus demonstrating the case of

temperature control by adjusting the magnetic
freld intensity. Feewe 18 shows tumor weighe
on day 17. Tumor growth was significantly
suppressed by NPrCAP/M-mediated
® TCR Vp family

12 3 4 5 6 7 8182839 10 111213 14 1516 17 18 19
200 bp —= : : g § L

100 bp —»
® TCRVf family
1 23 456 7818283010 1112 13 14 1516 17 18 19 20
200 bp e 3
' B |
100 bp ~s
@ TCR V3 family
4 56 781 83 101112131415 17 18
200 bp >
100 bp —
© TCR V§ family
5 1
200 bp — ¢ 4
100 bp —= g

Figure 3, T-cell receptor B-chain gene expression in tumor-infiltrating
lymphocytes after N-propionyl-4-5-cysteaminylphenol/magnetite-
mediated hyperthermia. Analysis of each spedmen included 22 separate
glectrophoreses of DNA amplified with different primer sets of each TCR Vf
family gene-specific oligonucleotide. Representative results from VB
amplifications of T cells in single mice are shown. (A} Inguinal lymph node
from a naive mouse. (B} Inguinal draining lymph node from untreated tumor-
bearing mice. (C} Inguinal draining lymph node from the mice treated with
hyperthermia. {D) Turnor from the mice treated with hyperthermia. The TCR
VB family number is shown above each lane where bands were observed,
TCR: T-cell receptor.

lto, Yamaguchi, Okamoto er al.

hyperthermia reatment. In chis study, we set the
tumor temperature at 43°C and hyperthermia
was applied once a day every other day for a
wotal of three treatments, although this was
insufficient to achieve complere regression of
che B16 melanoma. The NPrCAP/M-mediated
hyperthermia system can generate higher
temperatures. For example, complete regression
of B16 melanoma was observed in 90% of mice
at 46°C applied once daily for 2 days 341, In the
present study, we employed relatively moderate
conditions for hyperthermia treatment because
the hear-generated immunological effect was
more sigaificant ar 43°C than at 46°C ¢
In agreement with previous resules 223,
substantial amounts of CD8" T cells were
observed around the tumor (Fieuan 10y and slighdy
within the tumor (figees 1D) on day 17, while few
or no CD8" T cells were observed around and
within the tumor of untreated tumor-bearing
mice {without NPrCAP/M injection; data not
shown) and NPrCAP/M-injected mice without
AMF exposure {data not shown).

231

“ Lymph node enlargement after
NPrCAP/M-mediated hyperthermia

As shown in Faues 28, enlargenient of inguinal
DLNs was observed after NPrCAP/M-
mediated hyperthermia compared with inguinal
non-DLNs on day 17 (fuee 28). As lymph
node enlargement is consistently observed in
situacions of tumor involvement (33, significant
enlargement of inguinal DLNs was observed
in all tumor-bearing mice, including untreared
mice and NPrCAP/M-injecred mice (Founs 20).
In particutar, the inguinal DLNs of tumor-
bearing mice treated with NPrCAP/ M-mediated
hyperthermia were drastically enlarged compared
with those of naive mice. The lymph node
enlargement may have been due 1o an increased
homing of circulating T cells in response to
twmor antigen, and specific T-cell clones may
have expanded and differendated in the DLNs
of tumor-bearing mice. We thus compared the
number of CD8 T cells in inguinal lymph
nades of naive mice and inguinal DLNs of
tumor-bearing mice treated wirh NPrCAP/M-
mediated hyperthermia. As shown in Fooe 20,
the number of CD8" T cells in inguinal DLNs
increased significantly in the mice treared with
NPrCAP/M-mediated hyperthermia on day 17.

“ TCR repertoires of TlLs after
NPrCAP/M-mediated hyperthermia

Fovrr 3 shows representative photographs of
the TCR reperroire analysis of an inguinal

Nanomedicing (Epub ahead of print)
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Diversity of T-cell receptor after hyperthermia |

lymph node from single mice. In a naive
mouse (Foure 343, TCR gene expressions of all
21 displayable VB families, with the exception
of VP20, were observed. In DLN from untreated
tumor-bearing mice (oure 38), cxpressions
of 19 TCR V[ genes of 21 Vf families were
observed. In rumor samples from untreated
rumor-bearing mice, however, no TCR gene
expression was observed {daca not shown),
indicating that few TILs were present in che
tumors without hyperchermia trearment. On
the other hand, the TCR VJ repertoire was
rescricted in che DLNs from the tumor-bearing
mouse treated with NPrCAP/M-mediated
hyperchermia, and expressions of 14 TCR V3
genes of 21 Vi families were observed (Ruvar 303,
The TCR repertoire was further restricted in
the TILs from tumor samples treated wich
NPrCAP/M-mediated hyperthermia, and
TCR gene expression in VB-5, -8.3 and -11
was observed in a single mouse (Fuuee 3Dy,
suggesting the clonal expansion of TILs upon
antigen recognition. [t is believed thar the V(D)
Jjunctional sequences are unique to cach T-cell
clonotype and contribute ro TCR diversity.
traune 4 shows the sequences of V(D] juncrions
of the TCR P chains, For DNA sequencing,
the tumor samples from five mice were mixed
and analyzed, and we obtained one V6,
five VB8.2, six VP11 and one VBIS clone
derived from PCR products. Sequence analysis
of the PCR clones from TILs revealed a frame
shift in the V(ID}] region of the 7CR VIS clone
{data not shown}, suggesting rhat TCR V15
would not be functionally g:c*;cm{::d in this
clone. All five TCR V[38.2 clones possessed
an idencical sequence (Beone 48). On the other
hand, sequence analysis revealed that TCR VBIZ
clones comprised two distinetr /5 genes, fA2-3
{three of six clones) and JB2-7 (three of six

clones), and three distiner N-DB-N regions.

(Fieure 4C), indicating oligoclonal expansion of
TCR VBT T cells in the tumor.

Restricted usage of TCR Vgenes by T cells
that recognize rumar antigens is concroversial.
In some swdu,s limited TCR V gene usage was
found (3637}, while other reports demonstrared
diverse TCR V usage by Tlls 38391 In the
present study, the TCR VB repertoire was
limited in TILs from mice that underwent
hyperchermia (Foons 33, suggesting chat TILs
were specifically reacrive against cumor antigens.
However, the use of the TCR V{ family was not
resiricted in several experimenss, including the
resules shown in Fovse 3 (VE-3, -8.3 and -11)
and Foess 4 (VB-6, -8.2, -11 and -15). On the

% Biture sCIence Srows

other hand, VB11 gene expression was primarily
found in several experiments (data not shown).
[n addition ro the qualitative analysis of VBIL
gene expression by reverse-transcription PCR
(Faewss 3 & 43, How cyrometric analysis revealed
a quantitative increase in CD8/TCR VBRI
TILs tFoere 5a-5€). Harada ¢z 4/ cstablished
a B16 melanoma-specific CD8* T-cell line,
ABI, from the spleen cells of mice cured of B16
melanoma with [L-12 trearment tant. The ABI
cells exclusively expressed T7CR VBIT. These
results suggest thar clonal expansion of V11
TILs can be a useful marker o investgare the
T-cell response to B16 melanama. The ABI
cells could also recognize TRP-2 pepride us
well as B16 melanoma cells. Moreover, Singh
et #l. generared a TRP-2 pepride-specific CD8-
T-cell clone, and spectrarype analysis revealed
that the cell clone expressed VBRI i, We
thus investigated the reactivity of TlLs to
melanoma-associated anrigens. Lymphocytes
from DENs in cumor-bearing mice created
with hvpczihcsm a using NPrCAPIM were
stimulated with the immunodominant peprides
of the mouse melanoma-associated antigens
TRP-1, TRP-2 or glycoprotein 100, as well as
BIGF1 cells treated with mitomycin C. These
peptide-stimulared Iymphocytes were tested

p
® ve6 N-Dp-N Jpt Frequency
TGTGCCAGCAG COCTGGAGGG ~ AACACAGAA i
C A S5 s P G R N T E
®  vpsa N-Dj-N Jp2-4 Frequency
GGCAGCGGTG CAGACAGT AGTCAAAAC 505
A S G A DS s Q N
© v N-Dp-N Jpe-7 Frequency
GCAAGCAGCTTAGA  ACTGGGGGGGCGA GAACAGTAC 36
A S s L E L G G R E QY
ap2-3
GCAAGCAGC TCACTGCTT  AGTGCAGAA 1/6
A S s S L L S A E
Jp2-3
GCAAGCAGC TCACTGTTT  AGTGCAGAA 26

A S8 8 S L F S A E

Figure 4. T-cell receptor B junctional sequences from tumor-infiltrating
!ymphecytes in the mice treated with M-propionyl- A»S-cysteammyfphenolf
magnetite- -mediated hygerthermza. {A-C) Nucleotide and predicted amino
acid sequences from V(D)) regions of (A) TCR Ve, (B) VA8.2 and (C) Vg1,
Tumer samples from five mice were mixed and analyzed. The amplified PCR
products of the TCR VB gene were cloned into the plasmid vector. Six'or as
many as possible randomly ptc&ed colonies were analyzed, and the p%asmtd
DNA from the positive colonies was sequenced.

D: Diversity; I: Joining; V: Variable,
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for the ability o recognize the antigens by
releasing [FN-y as an assay to detect T cells
with high avidity toward the tumor antigen.
As s!mwn in Fause 50, only the lymphocyres
stimulated with TRP-2 peptide displayed a
significant [FIN-y release, suggesting restricred
reactivity toward che TRP-2 antigen. A furcher
important point is whether TRP-2 peptide can
be used to boost anti-tumor immunity induced
by NPrCAP/M-mediated hyperthermia, One
direction for furure research might be che

development of a combination therapy of

NPrCAP/M-mediated hyperthermia with a
TRP-2 peptide vaccine.

Okamoto ez al.

To the best of our kncpwi“dgu, this is the
fiest report to determine the V(D)] junctional
sequence of the TCR VIT gene of flLs in B16
melanoma. This information is very useful, not
only to understand the T-cell response to BI16
melanoma, bur also to develop more effective
cancer immunotherapy. Immunotherapy with
adoprive cell transfer using TTLs has proven to be
a useful strategy for the treatment of metasraric
melanoma f42). Recent strategies involve cloning
of TCR «ff genes specific for melanoma-
associated antigens from TILs and revovirally
wransducing these genes into peripheral blood
lymphocytes 431, Information on VP11 usage

@TG“% @10“:
109% g 10°
@ - 9.3% @ 18.1%
o 2
810y ) 102§
10" 10°
10° T T YT T T T T TN 10° T T Ty T T
100 107 10° 107 10¢ 10° 10! 102 10° 10¢
TCR VR TCR VT
© 25 ® 450 -
g 20 ’ -
2 £ 00
© 15~ i 2
i & ©
= @
fral foe]
£ a
o 10“‘ T g
‘ti I 150 -
foe] L.
8 5-
: R pre el T
i
Naive = NPrCAP/M OVA  TRP-1  TRP-2 | gpl00 B16F1
+ AMF (257-264) (222-229)(180-188) (25-33)  cell

Figure 5. T-cell response in the mice treated with M-propionyl-4-5-cysteaminylphenol/
magnaﬁmémediated hyga‘rtherm}a. {A~C) Flow cytometric analysis of CD8/TCR VAT T eellsin
{A) an inguinal lymph node of a naive mouse and {B) an i 'nguin:sl draining lymph node of a mouse

treated with NPrCAP/M-mediated hyperthermia. CD8* T cells

s in the lymph node were purified by

magnetic cell sorting, and the representative data from (A & B) single mice and (C) five mice for
statistical analysis are shown. Data are the means and standard deviations. (D) T-cell response to
melanoma-associated antigen peptides. After the hypertharm ia treatment, draining lymph nodes
from five mice were harvested on-day 17, and | ympne::cm&s were then restimulated /in vitro with
antigen peptides or mitomycin-treated B16F1 cells for 5 days. OVA_, 2 . peptide was used as a

I

negative control. After the restimulation, culture supérnatants were co

acted and amounts of IFN-y

were measured by ELISA. Data are the means and standard deviations of triplicate experiments.

*n < 0.01.

AMF: Alternating ragnetic field; gp: Glycoproteir;, NPrCAP/M: N-propionyl-4-5-
cysteaminylphenol/magnetite; OVA: Ovalbumin; TCR: T-cell receptor; TRP: Tyrosinase-relate

pratein.
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Diversicy of T-cell receptor after hyperthermia

in TILs and the V(D)] juncrional sequence will
be useful to further determine the Vo gene for
reconstitution of functional T cells by 7CR ofp
gene transfer. We are now determining the
Ve gene to reconstitute functional T cells
investigare whether VP11 TILs are CTLs chat
actually play a crucial role in i vive immune
responses against B16 melanoma, and wherher
adoptive immunotherapy using 7TCR gene-
engineered CTLs is possible to enhance the
cherapeutic effects of NPrCAP/M-mediated
hyperthermia.

Conclusion

In this study, we analyzed the
TCRs in TILs after NPrCAP/M-mediated
hyperchermia. It was found that T cells
were clonally expanded in B16 tumors after
hyperthermia, in which V11 T cells were
preferentially expanded. The DNA sequences
of the CDR3 of the TCR B-chain in Tils
revealed the presence of clonally expanded
T cells. These results indicate that the T-cell

NPrCAP/M

o e

diversity of

response in B16 melanoma after hyperthermia
is dominated by T cells direcred roward a
limited number of epitopes and chat epitope-
specific T cells frequently use a resericted TCR
repertoice.

Future perspective

Although early lesions of primary melanoma
are curable by excision, successful treatment
of merastatic melanoma has been elusive.
Recently, the auchors have proceeded to a
Phase 1711 study of the effect of NPrCAP/M-
mediated hyperthermia nor only on rreated
primary cumors but also on nontreated mera-
static tumors [44). The therapeutic protocol
followed the animal experimenss. However,
NPrCAP/M was made by conjugating poly-
ethylene glycol between NPrCATD and magner-
ite nmm;}aumicsi and a new AMF applicaror
called a “ferrite core-inserted solenoid type’ 1y
was urilized in the clinical wials. The future
potential use of this technology is illustrared
111 Froure 6.

s Anigenpeptide %3 Peptide
analysis . injection
Antigen
peptide

TCR

(F) CTL vransfer

Actificial

Metastatic melanoma TiL Patient's
gen& Teell CTL
@ TCH ge ne anal }*Sis TCR geﬁa";iransfef

‘andcl c;szmg

Nanomedicine @ Future Science Group (2012}

Figure 6. ?umre potential of N-propionyl- 4—5-{ysteam;nyi;;henoi?magnetxt&»medﬁated hyperthermia for melanoma~

targeted therm

immunotherapy. This strategy is based on combinations of hyperthermia using NPrCAP/M with antimelanoma

peptfde vaccine and TCR gene-engineered CTL therapy. (A) NPrCAP/M-mediated hyperthermia Systemn confers anti-tumor
immunity via release of heat-shock protei m»aamzae c&m;&i&xas during necrotic tumor cell death in vivo, which we have termed

‘in sity vaccination”. {B) The pri mary melanoma is exploited to provide tumor antigens to the immune system for 2 wee?s, and
then the melanoma is excised surgi gaiiy to analyze TiLs. {C) Melanoma-specific antigen peptides are analyzed by using TiLs:

(D) The screened peptides can be used to boost anti-tumor immunity induced by hyperthermia. For mouse B16 melanoma, TRP-2
seﬁizde Wtif E}e used ‘ic» mos‘é am AUMor | mm;&mzy induced i}; N?rCAPﬁ%S msdfatéd hypefthermza {:E} TCR genes of T s are

(G) Taken tsgeihe{ ihe c@mbmat ion sf amimeianams pa;}tzde vaccine aﬂd TCR gene engmeered CTL the;apy with

NPrCAP/M-mediated hyperthermia is a promisin

£ ¥y

\:}m

metastatic melanomas because of the induction of systemic antimelanoma immun ity.

AMF: Alternating magnetic field: CTL: Cytotoxic T lymphocyte;

NPrCAP/M: N-propionyi-

TCR: T-cell refep‘ior TiL: Tumor-infiltrating lymphocyte,

eatment for improving dinical effects, espedially for patients with early

4-S-cystea mmy%pheﬁsifmagnet

futlre scignce groun

v futuremadicne.com
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kHyperthermia using N»proplanyiw4~s~cysz‘eammyipheno!/magnQt:te for melanoma

Hyperthermia using N-propionyl-4
direct injgction of NProAPAML

Turnor growth was significantly suppressed by the treatment of NPrCAP/M-mediated

4-S-cysteaminyiphenolmagnetite (NPrCAP/M) was able to se

Anti-tumor immunity induced by NPrCAP/M-mediated hyperthermia

CDg" T cells were in

filtrated within the wmor after hyperthermia,

-« ymph node enlargerment was observed after nyperthermia
| T-celf receptor repertoire analysis of tumor-infiltrating lymphocytes after NPrCAP/M-mediated hyperthermia
- Restricted T-cell receptor repertoire was observed in the tumor-infiltrating lymphocytes (TiLs).
Expansion of VB11+ T cells was primarily found in the TiLs
DNA sequences of T-cell receptor j CDR3 of TiLs were identified.

w

References
Papers of special nore have been highlighted as:
© of interest
- of considerable interest
1 Dewhiose MW, Prosniiz L, Theall D ez if
Hyperthermic rreatment of malignant

current status and a view toward the

19975,

discases
furnee, Sewrin, Oncol, 24(6), 616623 {

2 vander Zee | Heating the patient

a pramising .ngsxu.xch Awn. Oseal, 13(8),

J173-1184 (2002).

Shecterle LM, St Cyr JAL Whole body

hyperthermia as a potendal therapeutic option.

Cancer Biogher, Y043, 253-256 (199%)

4 Storm FK, Morton DL, Kaiser LR et 2l
Chinieal radiofrequency hyperthermin

fo

a review, Natl (Lm}m Inse. Monogr. 61,
343350 (19825,

s

Gazeau F. Lévy M, Wilhelm C. Optimizing
magnetic nanoparticle design for

nanothesmotherapy, Nanomedicine (1.

3(6), 831-844 {2008).

sud.}

T

= Comprehensive review of hyperthermia H
using magnetite nanoparticles, incloding
anpti-tumor immune response induced by
hyperthermia.

& Jordun A, Scholz R, Wast D ez af. Effects of
magreric Nuid hyperthermin (MFH) on C3H
mammary carcinoma s vive. I, I3
Jo Hyperdbermia 13(6}, 587-605 (1997},

7 heA, Shinkad M. Flonda F er 2/ Medical
application of funcronalized magnetic b
nanoparticles. /. Biosed, Biveng, 10041}, 1-11
(2009).

Jordan A, Wuse P, Fihling Hoer 2l Tnducdve
heating of ferrimagnetic particles and

. . I
magoeric fuids: physical evaluation ol their

porential for hyperthermia, fnn

I Hypersherntia, 9(13, 51068 (1993).

First paper describing physical mechanisms
of hyperthermia using magnetice
nanaparticles,

o A, Kugs
nanoparticles

¥, Honda Hoer el Magnerite
md\d anu-HER2
immunuliposen combination of
antibody therapy w;:& hyperthermin, Caneer
Lers, 2002023, 167175 (20043,
Cole Al Yang VC, David AE.

theranosticst the rise of wrgeted magneric

Cancer

nanoparticles, Trends Bigtechmnl, 297},
323-332 {201,

Kawai N, Jio A
regression of experimene) prosuse cancer in

skahara Y ez ol Complewe
aude mice by repeated hyperthermin using
magnetite cationic lipusomes and x newdy
developed selenold conmining v fereite core.
Prostare 66{73, T18~727 (2006).

Gneveckow U, Jordan A, Scholz Rose wd
Description and characerization of the novel
ingksr;h»rm%a» and thermosblation-svstem
MEH 300F
hypuerthermin, Med, Pl 3
{2064).

for clinical magnetic Huid
H6), 144414451

Thiesen B, Jordun A, Clinical applicacions of

t‘ﬂ;igi"iiiiu manomare i

g

J. Hypertheroa, 28{6), 467-474 (2008).
Shinkal M, Le B, Honds H 27 2/, Targesing
hyperthermia for renal cell carcinoma using
human MN andigen-specific

doi:10.2217 /NNM. '{2 ?42

atd of pring)

Nanomedicing (tput

- 624 -

s far hyperthermin, /o,

i
i

e

18

et

ctively heat transplanted melanomas by

hyperthermia

magnetoliposomes, jpn, J. Cancer Res. 92(10),
11381145 (2001).

Gupta AR, Naregalkar RR, Vaidya VI o,
Recent advances on surface engineering of
magnetic iron oxide nanopardcles and their
biomedical applicadons Naromwdicine (Lond )}
201y, 23-39 (2007}

Review of procedures for synthesis and
surface coaring of magnetdte nanoparticles.
Yiu HFL Engincering the mulrifunctional
surface on magnetic nanoparticles for targered
biomedical applications: a chemical approach.
Nastamedicine (Lond. >6(‘%}, 201440 (201D,

o7 al. Seleceive
incorporation and specific s;v{oc:d;ii effect as

Thomas PD, Kishi H, Cao b

vhe celiular basis for the antimelanema action
of sulphur conmining tyrosine analogs.
S dnvese, Derazol. 11306). 928-934 (1999),

Sao M, Yamashics T, Ohloura M ez al,
Nepropionyl-cysreaminylphencl-magoerive
conjugare (INPrOAP/M) bs o nanoparticle for
Exc i:zrszxmd grawth suppression of melinoma
8. J. fovese Diermarel, 129(9), 225332241
§2{§0<§}\
Johannsen M, Gneveckow U, Eckelt Loer o/,
Clinical hyporthermia of prostate cancer
using magnetic nanopardicles: presentation of
@ aew interstitial technique, Mot
o Hypesthermiz 2171, 637647
o A, Shinkai M. Honda H ez ol Hew shock
protein 70 expression induces antitumor
immuenity during intracellular hyperthermia
using magnente nanoparticles, Caneer
Immzenal, Ipimanother, 52{2), 80-88 (2003)

{20035}

futie

L ST



Diversity of T-cell recepror aftes

F

o
it

6

37

Hi

M

3z

F dmpszenal, }

fro A, Fends M, Kobayvashi T, Cancer
fmynunotherapy b
hyperthermia using magnetite

aanapacticles: 4 novel concepr of

based on intacellnlar

“hene
conrrolied necrasis’ with heat shock protein
expression. Cancer lmwmnnol, famunather.
S5E35. 320328 (2006},

Melanoma-

Th-

Sure A, Tamura Y. Smta N s ol

rargered chemo-therma-immune (C
rherapy using N-propionyl-4-3-

cysteaminylphenol-magnetie ;xsn)parzéiﬁcx

elicies CTL respanse via heat
pratin-pepride camplex re?i}:xser Casnicer
Sei 1019}, 1939-1946 (2010).

Takada T, Yamashita T, Savo M ex ol
Growih inhibiton of re-challenge B16
melanoma transplant by conjugares of
melanogenesis substrare and magnetite
nanopardcles as the b
melanoma-targered chemo-thermo

sasis for developing

immunatherapy. /o Biomed. Biotectond.
457936 (2009).

Galon |, Costes AL Sanchen-Cabo Foer ol
Type, density, and locarion of immune cells
within human colereca! comors predics

clinical outcome. Sefenee 3135795},
19601964 (2606).

Davis MM, Bjorkman PL Tecell antigen
recepror genes and Toeell recognidion.
Nasure 334(6181), 395402 (19881
Flarrell ML, Iritani BM, Ruddell AL Ly
nade mapping in the mouse. [ fsum;f::wi
Merhads 332{1-2}. 170174 (2008},

vinph

Hindley JP, Perreira C, Jonex Eer ad
Analysis of the Troell receptor reperiviees of
alund
regutatory T cells rovesls no evidence For

wamor-inhltating convention

conversion in carcinogen-induced tumors,
Cancer Res, 71031, 736746 (2011,
Godebu B, Summers-Torres D, Lin MM
a1 al. Polyclonal sdapeive regudarory CL
cells thar can reverse Tepe |
sligaciunal long-rerm prowective memory
cells, . dpmnenol, 183031, 17981805
2008,

diaberes beoome

Bahen W, Thoma §, Leithiuser F ez al
Teelbm

rejection csi'ma rin

edinted, IFN-gamma-facilitared
e B16 melanomas.
612} 897-908 {1998}
E")mfi i, Bowne WB, Weber LW o7 uf
Huxr oclit

pnmuni
f‘{)ié}"‘
Bloom MB, Pessy-Lulley £, Robbins PF
ez af. Idunvificarion of
protein 2 as 4 tumor refection antigen for
che BIG melanoma, /. £xp Med 185033,
453459 119973,

ic immunizadon induces tumer
v. Jo Fxp. Med, 18819

tyrosinase-related

Zhai ¥, Yang JC, Spiess P ez ad Cloning and

charscrerization of the genes encoding the

he humun

murine homologues

A4

Yo
s

k¥

(.
b

kY

iv

melanom anrigens MARTY and gplod,
). femmunoher. 20{1), 1525 {1997},
Rarzschike O, Falk K, Stevanovie S er of.
Exacr predicton of 4 natural T cell epitope.
24912804 {1991,
i, Honda Hoerad

and immune induction by

Enr. [ Gnmunel, 21,

m&isstm ar melznoma using
agnetize cationic i;gzuscm . Melanoma

135 {2003},

Salametre 10 Lo Bris Y, Fabre B s 2/l
Efficiens charaeserization of the TCR
reperraire in lymph nodes by How cytomenry,
Cyromeiry A 75090, 741 ‘i»«,«‘f\i {20060,

L&i‘gmsca le analysis of the Tocell recepror
{TCR} repertoire in lymph nodes using
How cyrometry,

Nitra T, Oksenberg JR, Koo NA ot o/
Predominany espression of T eell recopror V

alpha 7 in rumor-infiloadng lrmphocytes of

wveal melanoma, Sefonee 249449695,
G72674 {19903,

Analysis of TOR Ve gene expression in
wmor-infilrraring lymphocytes within
human melanoma,

tiller MA,
Blased T cell recepror

Sotheim JC, Alesander-M
Martinko JM er ol
usage by Ldwrestricied, tumepepridesspecific
evrotaxic T lymphocyie dones. /. fmumennl,

PS043}, BO0~B1E {1993)

Ferradint L, Roman-Roman 5. Avo

et ad Analysis of Tocell recepior alphaibera
variabilic P

melanoma merastasis, Caaver Res. 331171,
46494654 {1992},
by § Nishimura MIL Yanodli [R
e al. T-cell receptor usage by melsnoma-
spasific

v in lvmphocyes infilirating a

o)

Shilyan

clonal and highly oligoclonal

m;r’*s;r»éﬁii?;f:’z;iﬁg fymphoevee lines, Proc
Nael Acad, Sei. USA 917}, 2829-2835

Analysis of the diversity of TCRs involved

in human melanoma antigen recognition.
Harada M, Tamads Ko Abe Ko ol

Characrerization of BI6 melanoma-specific
cyemoxie T hvmphocyies, Canerr Drumunal,

199R).

A4 1UR-IDg o

Immzinather, 319 N
Establishment of B16 melanoma-specific
CTL clone characterized by TCR V11
expression and TRP-2 peptide
antigen-sperific eytotosivity,

Singh V. Ji )

Melanoma progression despi

3 Feigenbaum L oer af,

e infileratior
by iz vive-prizaed TRP-2specific T eells.,
Ao Bmmaserher. 32021, 129139 {20093,
Hosenberg SA. Restifo NP, Yang $C ér o/,
Aduptive cell transfers a clinfea! parh w
offective ¢a
’/‘2755

T fgs*mz;zmxhnmgv Naz, Rew,
oy §{43 299308 (2008).

+3

Park TS, Rosenberg

SA, Morgan RA.
Treating cancer wiy I genetically engineered
T cells, Trends Bioteehnol 29(11), 350557
{20115,

Review of TCR gene-engineesed T cells.
Himbow K, Tamura Y, Yonera A er ol
Conjugation of magnetite nanoparticles
with melanogenesis subsizare, NPeCAD
provides melanom rargered, fo siru pepride
vaccine immunotherapy through HSP
production by chemo-thermotherapy.
fo Biomater. Nanolifaorechnol, 3{2), 140-153
(20

Affiliations

®

Akira o

Deparement of Chemical Engineering,
Faculty of Engineering, Kyushu University,
Motooka, Nishi-ku, Fukuoka 819-0395,
Japan

Masaki Yamaguchi

Diepartment of Chemical Lns}ams:mw,
Faculty of Engineering, Kyushu Unbversity
744 Morooka, Nishi-ku, Fukuoka 819-0393,
Japan

Noriaki Okamoto

Deparument of Chemical Enginecring,
Faculty of Engineering, Kyushu Universioy,
744 Morooka, Nishi-ko, Fukuoka 819-0393,
fapan

Yuji Sanematsu

Department of Chemical Engineering,
Faculty of Engineering, Kyushu University,
744 Morooka, Mishi-ku, Fakuoka 819.0395,
fapan

Yoshinori Kawabe

Deparement of Chemicasl Eagineering,
Faculty of Engincering, Kyusha Unbversity,
744 Motooka, Nishi-ku, Fukuoks 819:0395,
Japan

Kazuasa Wakamatsu

Deparsment of Chemistry, Fujita Healeh
University Sehiool of Health Sciences,
Toyoake 470-1192
Shosuke To

< Japan

Deparimen of Chenisery 1 Healeh
Univers ‘srhooi of I ,uri Clences,
Tovozke 4 2, Japan

Himyuki Honda

Deparrment of Biotechaology, Schoot of
Enginecring, Nagoya University, Nagoya
464-8603, Japan
Takeshi Kobayashi
Schoal of Bioscience technology,

arnd Bl
: 7-8501, Japan

i
Chuobu Universirg, Kasugai 457

Eiicht Nakayama
Fa

ihey of Health and Welfare, Kawasaki

e

izéivs: iry of Medioal Wellare, Kurasiki
FOL-0193, Japan

futisre science groug

wowews futremadinne com

- 625 -

oi:10.2217 /NNM.12.142



= Yasuaki Tamura
Fiear Departmenr of Pathology, Sapporo
Medical Universi
Sappora B060-85506, Lapan

«  Masac Okura
Department of Dermatology, Sappoero

sool of Medicine,

Medical Usniversicy School of Mediciag,
Sapporo 000-8543, Japan

Iro, Yamaguc

hi, Okamaro er 4,

Toshihary Yamashita

Dreparoment of Dermatology, Sappore
Medical University School of Medicine,
Sappore 0608343, fapan

Kowichi Jimbow

Dieparrment of Dermatalogy, Sappore
Mudicad University Schaol of Medicine,
Sappore D66-8343, Japan

Masamichi Kamihira

Deparmment of Chemical Engineering,
Faculty of Engineering, Kyushu Univensity,
744 Motooka, Nishi-ku, Fukuoka 819-0395,
Japan

dol10.2217/7NNM. 12,142

Nanomedigine Foub shesd of prnt

- 626 -



Vaccine 31 (2013)2110-2118

- Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/vaccine

Establishment of animal models to analyze the kinetics and distribution of
human tumor antigen-specific CD8* T cells

Daisuke Muraoka®4, Hiroyoshi Nishikawa2&*, T akuro Noguchi af Linan WangP, Naozumi Harada®4,
Eiichi Sato®, Immanuel Luescher™, Eiichi Nakayama!, Takuma Kato®¢, Hiroshi Shiku2-":1

2 Departments of Cancer Vaccine, Mie University Graduate School of Medicine, Mie 514-8507, Japan

b Departments of Immuno-Gene Therapy, Mie University Graduate School of Medicine, Mie 514-8507, Japan

¢ Departments of Cellular and Molecular Immunology, Mie University Graduate School of Medicine, Mie 514-8507, Japan

4 Immunofrontier, Inc., Tokyo, 143-0023, Japan

¢ Experimental Immunology, Immunology Frontier Research Center, Osaka University, Osaka, 565-0871, Japan

f Ludwig Institute for Cancer Research, New York Branch, Memorial Sloan-Kettering Cancer Center, New York, NY 10065, United States
& Department of Anatomic Pathology, Tokyo Medical University, Tokyo, 160-8402, Japan

b Ludwig Institute for Cancer Research, Lausanne Branch, University of Lausanne, Epalinges, 1066, Switzerland

i Faculty of Health and Welfare, Kawasaki University of Medical Welfare, Okayama, 701-0193, Japan

ARTICLE INFO ABSTRACT
Am’c{e history: Many patients develop tumor antigen-specific T cell responses detectable in peripheral blood mono-
Received 21 January 2013 nuclear cells (PBMCs) following cancer vaccine. However, measurable tumor regression is observed in
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: a limited number of patients receiving cancer vaccines. There is a need to re-evaluate systemically the
Available online 13 March 2013

immune responses induced by cancer vaccines. Here, we established animal models targeting two human
cancer/testis antigens, NY-ESO-1 and MAGE-A4. Cytotoxic T lymphocyte (CTL) epitopes of these antigens
were investigated by immunizing BALB/c mice with plasmids encoding the entire sequences of NY-ESO-1
or MAGE-A4. CD8* T cells specific for NY-ESO-1 or MAGE-A4 were able to be detected by ELISPOT assays
using antigen presenting cells pulsed with overlapping peptides covering the whole protein, indicating
the high immunogenicity of these antigens in mice. Truncation of these peptides revealed that NY-
ESO-1-specific CD8* T cells recognized D9-restricted 8mer peptides, NY-ESO-1g;_g3. MAGE-A4-specific
CD8* T cells recognized D9-restricted 9mer peptides, MAGE-A4265.273. MHC/peptide tetramers allowed
us to analyze the kinetics and distribution of the antigen-specific immune responses, and we found that
stronger antigen-specific CD8* T cell responses were required for more effective anti-tumor activity.
Taken together, these animal models are valuable for evaluation of immune responses and optimization
of the efficacy of cancer vaccines.

Keywords:
Translational research
Animal model

Cancer vaccine
Immune responses
CD8* T cells
Cacer/testis antigens

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction immune responses detectable in peripheral blood mononuclear

cells (PBMCs), only a subset of treated patients experienced clinical

A number of cancer vaccine strategies targeting tumor anti-
gens recognized by the human immune system have been tested
[1-3]. While many of these cancer vaccines elicited measurable

Abbreviations: APC, antigen presenting cells; CTL, cytotoxic T lymphocyte; dLN,
draining lymph node; ELISPOT assay, enzyme-linked immunospot assay; IFN, inter-
feron; mAb, monoclonal antibody; PBMC, peripheral blood mononuclear cells.
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benefits, such as tumor regression [4,5]. Because of the weak clinical
effectiveness of currently available cancer vaccines, not only new
immunogenic antigens, effective adjuvant formulations, vectors or
vaccination methods but also new methodologies to evaluate effi-
cacy of cancer vaccines are required.

NY-ESO-1, a germ line cell protein detected by SEREX (serolog-
ical identification of antigens by recombinant expression cloning)
using the serum of an esophageal cancer patient, is often expressed
by cancer cells, but not by normal somatic cells [3,6]. This ideal
expression pattern facilitated the study of this antigen; including
immuno-monitoring of cancer patients with NY-ESO-1-expressing
tumors and clinical trials that focused on NY-ESO-1 [3]. While these
studies have revealed that a number of different cancer vaccines,
including short and overlapping peptides, protein, viral vectors and
DNA, resulted in development of measurable immune responses,
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correlations between immunological and clinical responses were
often week or difficult to observe [3].

MAGE-A4, another cancer/testis (CT) antigen, elicits MAGE-A4-
specific CD4* and CD8"* T cell responses in some patients with
MAGE-A4-expressing cancers, indicating that MAGE-A4 is also an
immunogenic protein [7-9]. We have recently reported a novel
MAGE-A4 epitope presented by human leukocyte antigen (HLA)-
A*2402 using a CD8* T cell clone 2-28 [9]. As this clone effectively
killed tumor cell lines that expressed both MAGE-A4 and HLA-
A*2402, this antigen could be a candidate for a cancer vaccine.

Given the poor correlation between the immune responses
detected in PBMCs and clinical responses [2,3,5], it is necessary
to re-evaluate existing cancer immunotherapy strategies in detail
using animal models, namely reverse translational research. To this
end, we developed animal models involving human tumor anti-
gens, such as NY-ESO-1 or MAGE-A4 in this study.

2. Materials and methods
2.1. Mice

Female BALB/c mice were purchased from SLC Japan (Shizuoka,
Japan) and used at 7-10 weeks of age. They were maintained at
the Animal Center of Mie University Graduate School of Medicine
(Mie, Japan). The experimental protocol was approved by the Ethics
Review Committee for Animal Experimentation of Mie University
Graduate School of Medicine.

2.2. Antibodies and reagents

Anti-H2-K¢ (KD40, mouse IgG2a), anti-H2-DY (DD98, mouse
IgG2a), and anti-H2-L9 (30-5-7, mouse IgG2a) were produced and
purified from each hybridoma. FITC-conjugated anti-CD8 mAb (53-
6.7, ratlgG2a)and APC-conjugated anti-CD4 mAb (GK1.5, rat IgG2b)
were purchased from BD Biosciences (Franklin Lakes, NJ). PE-
conjugated anti-Foxp3 mAb (Fjk16s, rat [gG2a) was purchased from
eBiosciences (San Diego, CA). Synthetic NY-ESO-1 and MAGE-A4
peptides (summarized in Supplementary Table 1) were obtained
from Sigma Genosys (Hokkaido, Japan).

2.3. Immunization using a gene gun

Naive BALB/c mice were immunized twice at two-week inter-
vals. Gold particles coated with 1 g of each plasmid DNA were
prepared and delivered into the shaved skin of the abdominal wall
of BALB/c mice using a Helios Gene Gun System (BioRad, Hercules,
CA) at a helium discharge pressure of 350-400 psi, as described
previously [10,11].

2.4. Cellisolation

Spleen cell suspensions were mixed with CD8 Microbeads (Mil-
tenyi Biotec, Bergisch Gladbach, Germany) and separated into CD8*
T cells by positive selection on a MACS column. The isolated
CD8* T cell populations were confirmed to contain >95% CD8* T
cells.

2.5. Enzyme-linked immunospot (ELISPOT) assay

The number of IFN-y secreting antigen-specific CD8* T cells
was assessed by ELISPOT assay as described previously [10,11].
Briefly, purified CD8* T cells were cultured for 24 hours with 5 x 10°
irradiated CD90-depleted splenocytes pulsed with the indicated
peptides in 96-well nitrocellulose-coated microtiter plates (Milli-
pore, Bedford, MA) coated with rat anti-mouse IFN-y mAb (R4-6A2,

BD Biosciences). Spots were developed using biotinylated anti-
mouse [FN-ymAb (XMG1.2, BD Biosciences), alkaline phosphatase
conjugated streptavidin (MABTECH, Sweden) and alkaline phos-
phatase substrate kit (BioRad), and subsequently counted.

2.6. ELISA

96-well flat-bottomed microliter plates (Immuno-NUNC) were
coated with 20ng/50 wml of NY-ESO-1 or MAGE-A4 protein,
respectively, at 4 °Covernight. Wells were blocked with 1% BSA/PBS
for 1hour at room temperature and washed three times. Serum
(1:100 dilution) was added and incubated at 4°C overnight.
After washing, goat anti-mouse IgG antibody conjugated with
horseradish peroxidase (Promega, Madison, Wl) was added (1:5000
dilution). Two hours later, color was developed with TMB sub-
strate solution (Thermo scientific, IL) and stopped with H;SOj4.
The absorbance was measured at 450nm and calculated after
subtraction of the absorbance value of control wells without
sera.

2.7. Flow cytometry and tetramer staining

Tetramer staining was performed as described previously [11].
Briefly, cells were stained with PE-labeled NY-ESO-1g1.g3/DY or
MAGE-Ad565.273/D9 tetramers (prepared at the Ludwig Institute
Core Facility, Lausanne, Switzerland) for 10 minutes at 37 °C before
additional staining of surface markers for 15 minutes at 4°C. After
washing, the results were analyzed on FACSCanto (BD Biosciences)
and Flow]o software (Tree Star, Ashland, OR).

2.8. Tumors

CT26is a colon epithelial tumor derived by intrarectal injections
of N-nitroso-N-methylurethane in BALB/c mice [12]. CT26 express-
ing NY-ESO-1 or MAGE-A4, a human cancer/testis antigen were
established as described previously [11,13].

2.9. Statistical analysis

Values were expressed as meanz=SD. Differences between
groups were examined for statistical significance using the Stu-
dent's t-test. p values <0.05 were considered statistically significant.

3. Results

3.1. NY-ESO-1-specific CD8" T cells recognize D-restricted
NY-ESO-1g;_gg peptide

We analyzed the minimal epitope recognized by NY-ESO-1-
specific CD8* T cells after immunization with NY-ESO-1. To this
end, we employed a Helios Gene Gun System as we have previously
detected NY-ESO-1-specific CD8* T cell responses [10,11]. To iden-
tify minimal epitopes, naive BALB/c mice were immunized twice
at two-week intervals with plasmids encoding the entire sequence
of NY-ESO-1. CD8* T cells were obtained from spleens and specific
T cell responses were analyzed by ELISPOT assay using peptide
pools shown in Supplementary Table 1. A significant number of
NY-ESO-1-specific CD8* T cells was detected against peptide pool
#3 (Fig. 1A). To identify the NY-ESO-1 epitope, NY-ESO-1-specific
CD8* T cells were stimulated with each of these peptides. IFN-y
secretion was observed when NY-ESO-1-specific CD8* T cells were
stimulated with 71-90 and 81-100 NY-ESO-1 peptides, suggesting
the presence of a minimal epitope within 81-90 residues (Fig. 1B).
To determine the minimal epitope, the 81-90 peptide of NY-ESO-1
was further truncated. NY-ESO-1-specific CD8" T cells recognized
the 80-88 and 81-88, but not 80-87 or 82-88 peptides, thus
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Fig. 1. NY-ESO-1-specific CD8* T cells recognize D9-restricted NY-ESO-1g1_g3 peptide. (A-C) BALB/c mice were immunized by gene gun twice at two-week intervals with
plasmids encoding the entire sequence of NY-ESO-1. CD8* T cells were obtained from spleens and specific T cells were analyzed with ELISPOT assay using APCs pulsed with
the indicated peptides. (D) Avidity of induced NY-ESO-1-specific CD8* T cells was analyzed with ELISPOT assay using APCs pulsed with graded doses of peptides ranging from
3 t0 0.0001 WM. (E) MHC restriction of induced NY-ESO-1-specific CD8" T cells was analyzed with ELISPOT assay by the addition of anti-H-2-K9, anti-H-2-D9 or anti-H-2-14
mADbs. These experiments were repeated two to four times with similar results. Data are mean =+ SD.

the minimal epitope was identified to be NY-ESO-1g;_gg peptide
(Fig. 1C).

To confirm this, graded doses of the peptides were pulsed on
antigen presenting cells (APCs) and specific IFN-y secretion was
analyzed by ELISPOT assay. NY-ESO-1-specific CD8* T cells were
high-avidity, and capable to recognize as little as 30 nM of peptide
(Fig. 1D), confirming that NY-ESO-1g;_gg peptide is the minimal
epitope. Next, we assessed the restriction of this response using
blocking antibodies. NY-ESO-1-specific CD8* T cell responses were
completely blocked by addition of anti-H-2-D9 mAb (Fig. 1E). Taken
together, NY-ESO-1-specific CD8" T cells recognize D9-restricted
NY-ESO-1g;.gg peptide.

3.2. MAGE-A4-specific CD8" T cells recognize D4-restricted
MAGE-A4565.273 peptide

To establish a MAGE-A4 animal model, we determined the min-
imal epitope of MAGE-A4-specific CD8" T cells after immunization
with MAGE-A4. Naive BALB/c mice were immunized twice at two-
week intervals with plasmids encoding the entire sequence of
MAGE-AA4. Splenic CD8* T cells were prepared and specific T cell
responses were analyzed by ELISPOT assay using peptide pools
shown in Supplementary Table 1. MAGE-A4-specific CD8"* T cells
were induced in mice immunized with plasmids encoding MAGE-
A4 within peptide pool #5 (Fig. 2A). To elucidate the dominant
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Fig. 2. MAGE-A4-specific CD8* T cells recognize D4-restricted MAGE-A4a65.273 peptide. (A, B) BALB/c mice were immunized by gene gun twice at two-week intervals with
plasmids encoding the entire sequence of MAGE-A4. CD8" T cells were obtained from spleens, and specific T cells were analyzed with ELISPOT assay using APCs pulsed
with the indicated peptides. (C) MHC restriction of induced MAGE-A4-specific CD8* T cells was analyzed with ELISPOT assay by the addition of the indicated mAb. (D)
MAGE-A4;s3.577 was subjected to BIMAS program and the highest score within MAGE-A4;s3.577 for a D9 binding motif was predicted in 265-272 and 265-273 of MAGE-A4.
These predicted peptides were analyzed with ELISPOT assay for identification of MAGE-A4 epitope peptide. (E) Avidity of MAGE-A4-specific CD8"* T cells was analyzed with
ELISPOT assay using APCs pulsed with graded doses of peptides. These experiments were repeated two to four times with similar results. Data are mean = SD.

MAGE-A4 epitope, MAGE-A4-specific CD8" T cells were stimulated
with each of the peptides from pool #5. The 253-277 peptide
was most effective for stimulating MAGE-A4-specific CD8" T cells
(Fig. 2B). We next assessed the restriction of this response using
blocking antibodies. MAGE-A4-specific CD8* T cell responses were
completely blocked by anti-H-2 D4 mAb (Fig. 2C). Given the H-2 D4
restriction of this CD8* T cell response, we employed computer-
based BIMAS program to predict optimized MHC class I epitope
within the MAGE-A4553_577 peptide. This program ranks all the pos-
sible MHC class I epitopes within a given polypeptide sequence.
MAGE-A4;53.577 was subjected to this program and the highest
score within MAGE-A4553_577 for a DY binding motif was predicted
in 265-272 and 265-273 of MAGE-A4 (Supplementary Table 2).
MAGE-A4-specific CD8* T cells recognized the 265-273, but not

265-272 peptides, thus the minimal epitope was considered to be
the MAGE-A4,¢5_273 peptide (Fig. 2D). To confirm this minimal epi-
tope, graded doses of peptides were pulsed on APC and specific
[FN-vy secretion was analyzed by ELISPOT assay. MAGE-A4-specific
CD8* T cells were high avidity, and could recognize as little as 10 nM
of the peptide (Fig. 2E). We conclude that MAGE-A4-specific CD8*
T cells recognize D3-restricted MAGE-A4,g5.273 peptide.

3.3. Kinetics and distribution of NY-ESO-1/MAGE-A4-specific
CD8* T cells after gene gun immunization

Next, we generated MHC/peptide tetramers based on the data
of minimal epitope and MHC restriction for NY-ESO-1/MAGE-A4-
specific CD8* T cells. BALB/c mice were immunized with plasmids
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Fig. 3. NY-ESO-1/MAGE-A4-specific CD8* T cells are detected after immunization
with a gene gun. BALB/c mice were immunized twice at two-week intervals with
plasmids encoding the entire sequences of NY-ESO-1 or MAGE-A4 using a gene
gun. Seven days after the second vaccination, CD8* T cells were obtained from the
draining lymph nodes (dLNs) and spleens, and specific T cells were analyzed with
MHC/peptide tetramer assay. These experiments were repeated two to four times
with similar results. GG: gene gun.

encoding the whole sequences of NY-ESO-1 or MAGE-A4 by gene
gun and the kinetics and distribution of NY-ESO-1/MAGE-A4-
specific CD8" T cells were analyzed with MHC/peptide tetramers.
NY-ESO-1-specific CD8* T cells were detected 7-10 days after the
primary immunization both in draining lymph nodes and spleens
in mice immunized with plasmids encoding NY-ESO-1, but not in
mice immunized with MAGE-A4 or control mice (Fig. 3, 4A and
4B). NY-ESO-1-specific T cell responses were further enhanced
by the secondary vaccination in both the draining lymph nodes
and spleens (Fig. 4A and B). Similarly, MAGE-A4-specific CD8" T
cells were detected 7-10 days after the primary immunization by
gene gun in both the draining lymph nodes and spleens and were
enhanced after the booster vaccination (Figs. 3, 4C and 4D), sug-
gesting that these assays are useful tools for analyzing the kinetics
and distribution of these antigen-specific CD8* T cells.

3.4. NY-ESO-1-specific CD8" T cell responses are primed
spontaneously after tumor inoculation and these cells partially
inhibit tumor growth

It is important to establish tumor models to re-evaluate cancer
immunotherapy strategies in detail. To this end, we employed CT26
(a murine colon carcinoma) tumor transplantation model with sta-
ble expression of NY-ESO-1 and examined NY-ESO-1-specific CD8*
T cell and humoral responses spontaneously primed in tumor bear-
ing animals. BALB/c mice were inoculated with CT26-NY-ESO-1
and specific CD8* T cell and Ab responses were analyzed with
MHC/peptide tetramers and ELISA, respectively. NY-ESO-1-specific

CD8* T cells were spontaneously primed 7 days after tumor inoc-
ulation in the draining lymph nodes, spleens and peripheral blood
in mice inoculated with CT26-NY-ESO-1 and augmented thereafter
(Fig. 5A). We then addressed whether these spontaneously-primed
NY-ESO-1-specific CD8* T cells were involved in tumor growth
inhibition. To deplete these CD8* T cells, tumor bearing mice were
injected with anti-CD8 mAb and tumor growth was analyzed. Anti-
CD8 mAb administration augmented tumor growth compared with
the control group without any treatment (Fig. 5C), suggesting an
anti-tumor role of spontaneously-primed NY-ESO-1-specific CD8*
Tcells.On the other hand, NY-ESO-1-specific Ab responses were not
observed 7 days after tumor inoculation, but detected 21 days after
tumor inoculation (Fig. 5B). This is compatible with immunologi-
cal monitoring in humans showing that higher stage of melanoma
patients frequently develop humoral immune responses against
NY-ESO-1 [3,14].

We next immunized these mice with plasmids encoding
the entire sequence of NY-ESO-1 and anti-tumor activity was
examined. Tumor growth was significantly reduced by immuniza-
tion with NY-ESO-1 as compared to the control group without
treatment (Fig. 5C). Furthermore, CD8" T cell depletion totally abol-
ished the anti-tumor effects induced by DNA vaccine (Fig. 5C).
As CD4" regulatory T cells (Tregs) are reportedly associated
with spontaneously-primed and treatment-induced anti-tumor
immune responses [15], we also investigated tumor-infiltrating
Tregs. While Tregs were present in tumors, their frequency was
not associated with anti-tumor activity induced by immunization
with plasmids encoding NY-ESO-1 (Fig. 5D). Together, CD8" T cell
and Ab responses to NY-ESO-1 in this tumor model closely paral-
lel NY-ESO-1 immune responses in humans. Spontaneous tumor
antigen-specific immune responses restrained, albeit incomplete,
tumor growth, but tumor growth were vigorous and overwhelmed
the tumor growth inhibition, thus additional augmentation of these
immune responses are required for effective control of tumor
growth.

3.5. MAGE-A4-specific CD8" T cell responses is primed
spontaneously after tumor inoculation

We established another tumor transplantation model with sta-
ble expression of MAGE-A4 and examined MAGE-A4-specific CD8*
T cell and humoral responses spontaneously primed in tumor
bearing mice. BALB/c mice were inoculated with CT26-MAGE-A4
and specific CD8* T cell and humoral responses were analyzed
with MHC/peptide tetramers and ELISA. In these mice, MAGE-A4-
specific CD8* T cells were spontaneously primed 7 days after tumor
inoculation in the draining lymph nodes, spleen and PBMC, and aug-
mented thereafter (Fig. 6A). MAGE-A4-specific Ab responses were
not observed 7 days after tumor inoculation, but detected 21 days
after tumor inoculation (Fig. 6B). Like as the result of NY-ESO-1
models, cellular and humoral immune responses to MAGE-A4 in
this model closely parallel MAGE-A4 immune responses in humans.

4. Discussion

We have established mouse models that allowed studies on NY-
ESO-1 and MAGE-A4 immunity. Using these models, we evaluated
the kinetics and distribution of antigen-specific CD8* T cells after
tumor growth and immunization. While it has been recently shown
that CD4*CD25* Tregs and the ratio of CD8* effector T cells to Tregs
in tumors critically influenced the prognosis of cancer patients
[16,17], limitation of samples usually makes it difficult to inves-
tigate the function of effector T cells and Tregs at tumor sites in
humans. Given the importance of tumors as active sites of anti-
tumor responses, it is important to examine not only the draining
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lymph nodes, spleens and PBMCs, but also tumor local sites. Our
models could be valuable tools for analyzing antigen-specific T cells
in both novel cancer immunotherapy and cancer immunotherapy
that have been already tested in humans.

In our models, we found that spontaneous CD8* T cell and Ab
responses were primed and increased along with tumor progres-
sion in both NY-ESO-1 and MAGE-A4 models [3,9]. Accumulating
data show that induction/augmentation of anti-tumor immune
responses are often detected in patients with larger tumors [3,14],

suggesting that immune responses found in our NY-ESO-1 and
MAGE-A4 tumor models closely parallel NY-ESO-1 and MAGE-
A4 immune responses in humans. It has been a long debate
whether spontaneous anti-tumor responses detected in cancer
patients impact on tumor growth, as tumors continuously grow
in patients harboring spontaneous anti-tumor immune responses.
Our tumor model provides a clear answer for this conundrum.
Although the immune responses spontaneously primed in tumor-
bearing hosts partly inhibit a tumor growth, this immune response
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is not strong enough to completely reject the tumor in the host.
This means that further activation of immune responses by appro-
priate immunotherapy is essential for tumor rejection. Indeed,
when these spontaneous immune responses were augmented by
DNA vaccine, tumor growth was significantly inhibited. In contrast,
we have reported that peptide vaccine using this NY-ESO-1 pep-
tide enhanced tumor growth rather than inhibiting tumor growth
unless it is vaccinated with proper adjuvants [13].

In fact, antigen-specific antibody may not play an important role
for tumor rejection in our models, because 1) most tumor anti-
gens including NY-ESO-1 and MAGE-A4 focused on this study, was
exclusively expressed intracellularly by the tumor cells, thus not
accessible for antibody [3] and 2) Ab responses were detected on
day 21, namely later than CD8* T cell responses. Nevertheless, we
have reported that injection of NY-ESO-1 mAb with chemotherapy,
that can accentuate the release of intracellular tumor antigens to
facilitate mAb access to intracellular target molecules, augmented
anti-tumor effect in the same model system, though Ab admin-
istration alone did not inhibit tumor growth [18]. In our mouse
model, spontaneously-primed anti-NY-ESO-1 Ab was detected
when tumors reached a larger size. The level of spontaneously-
primed antibody was, however, about 10-times lower than that
achieved by mAb injection [18], suggesting that spontaneously-
primed Ab responses may potentially have some anti-tumor effects,
but the amount of Abs is too low to exhibit effective anti-tumor
activity.

Since no NY-ESO-1 homologue is present in mice, the detected
immune responses against NY-ESO-1 are considered to reflect a
foreign antigen, rather than a self-antigen [3]. Whereas cancer-
testis antigens like NY-ESO-1 are only expressed by cancer cells and
testis, but not by normal somatic cells, mimicking foreign antigens,
some cancer-testis antigens are reportedly expressed in medullary
thymic epithelial cells under control of AIRE (Autoimmune regula-
tor) [3,19]. It is plausible that cancer-testis antigens like NY-ESO-1
could be considered self-antigens during thymic selection, result-
ing in a repertoire of NY-ESO-1-specific T cells that are either
subject to central or peripheral tolerance [3,20-22]. Thus, stud-
ies using mice in which NY-ESO-1 is a self-antigen should allow
resolving this issue.

A unique finding of our study is that NY-ESO-1-specific CD8*
T cell epitopes were present in an immunogenic part defined in
humans [3]. This finding implies that immunogenicity may be char-
acterized with similar components between humans and mice,
further supporting the usefulness of our models. Our animal mod-
els provide important tools for the development of effective cancer
vaccines.

In conclusion, we established animal models involving human
tumor antigens, such as NY-ESO-1 or MAGE-A4 protein. These
models allowed us to study the kinetics and distribution of antigen-
specific immune responses in detail, and hence providing tools to
optimize the efficacy of current cancer immunotherapy.
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Exploitation of biological properties unique to cancer cells may provide a novel approach to overcome difficult challenges to
the treatment of advanced melanoma. In order to develop melanoma-targeted chemothermoimmunotherapy, a melanogenesis
substrate, N-propionyl-4-S-cysteaminylphenol (NPrCAP), sulfur-amine analogue of tyrosine, was conjugated with magnetite
nanoparticles. NPrCAP was exploited from melanogenesis substrates, which are expected to be selectively incorporated into
melanoma cells and produce highly reactive free radicals through reacting with tyrosinase, resulting in chemotherapeutic and
immunotherapeutic effects by oxidative stress and apoptotic cell death. Magnetite nanoparticles were conjugated with NPrCAP
to introduce thermotherapeutic and immunotherapeutic effects through nonapoptotic cell death and generation of heat shock
protein (HSP) upon exposure to alternating magnetic field (AMF). During these therapeutic processes, NPrCAP was also expected
to provide melanoma-targeted drug delivery system.

1. Introduction melanoma is an extremely difficult challenge. Less

than 10% with metastatic melanoma patients survive
The incidence of melanoma is increasing worldwide at an  currently for five years because of the lack of effective
alarming rate [l, 2]. As yet, management of metastatic  therapies [3]. There is, therefore, an emerging need to
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develop innovative therapies for the control of metastatic
melanoma.

The major advance of drug discovery for targeted ther-
apy to cancer cells can be achieved by exploiting their
unique biological property. The biological property unique
to the melanoma cell resides in the biosynthesis of melanin
pigments, that is, melanogenesis occuring within specific
compartments, melanosomes. Melanogenesis begins with the
conversion of amino acid, tyrosine to dopa and subsequently
to dopaquinone in the presence of tyrosinase. This pathway
is uniquely expressed by all melanoma cells. It is well known
that the clinically “amelanotic” melanoma tissues always
have tyrosinase activity to some extent, and that “in vitro
amelanotic” melanoma cells become “melanotic” ones when
they are regrown in the in vivo condition. Melanin precursors
are inherently cytotoxic through reacting with tyrosinase to
form unstable quinone derivatives [4]. Thus, tyrosine ana-
logues that are tyrosinase substrates can be good candidates
for developing drugs to melanoma-targeting therapies [5].
N-propionyl and N-acetyl derivatives (NPr- and NAcCAP)
of 4-S-cysteaminylphenol, that is, sulfur-amine analogue of
tyrosine, were synthesized as possible melanoma-targeted
drugs (Figurel) and found to possess selective cytotoxic
effects on in vivo and in vitro melanomas through the
oxidative stress that derives from production of cytotoxic free
radicals by interacting with tyrosinase within melanogenesis
cascade [6-10].

Intracellular hyperthermia using magnetite nanoparticles
(10-100 nm-sized Fe;O,) may be another choice to overcome
the difficult challenges for melanoma treatment. It has been
shown to be effective for treating cancers in not only primary
but also metastatic lesions [11, 12]. Incorporated magnetite
nanoparticles generate heat (thermotherapy) within the cells
after exposure to AMF due to hysteresis loss [13]. In this treat-
ment, there is not only the heat-mediated cell death but also
immune reaction due to the generation of heat shock proteins
(HSPs) [14-23]. HSP expression induced by hyperthermia has
been shown to be involved in tumor immunity, providing the
basis for developing a cancer thermoimmunotherapy.

Based upon these rationales, we now provide evi-
dence that melanoma-targeted chemothermotherapy can be
achieved by conjugating a chemically modified melanogen-
esis substrate, NPrCAP with magnetite nanoparticles, which
then produce apoptotic and non-apoptotic cell death through
interacting with tyrosinase and heat-mediated oxidative
stress; hence, immunotherapy with production of in situ
peptides is being established (Figure 2).

2. Melanogenesis Substrate as a Potential
Candidate for Development of
Selective Drug Delivery System and
Cytotoxicity to Melanoma

2.1. Synthesis of Sulfur-Amine Analogues of Tyrosine,
Cysteaminylphenols, and Their Selective Incorporation into
Melanogenesis Cascade. With the interaction of melanocyte-
stimulating hormone (MSH)/melanocortin 1 receptor
(MCIR), the melanogenesis cascade begins from activation

Journal of Skin Cancer

of microphthalmia transcription factor (MITF) for induction
of either eu- or pheomelanin biosynthesis. Tyrosinase is the
major player in this cascade. Tyrosinase is a glycoprotein,
and its glycosylation process is regulated by a number of
molecular chaperons, including calnexin in the endoplasmic
reticulum [24, 25]. Vesicular transport then occurs to carry
tyrosinase and its related proteins (TRPs) from trans-Golgi
network to melanosomal compartments, which appear to
derive from early and late endosomal compartments. In this
process a number of transporters, such as small GTP-binding
protein, adaptor proteins, and PI3-kinase, play important
roles. Once melanin biosynthesis is completed to conduct
either eu- or pheomelanogenesis within melanosomes, they
then move along dendritic processes and are transferred
to surrounding keratinocytes in normal skin [26-28]. In
metastatic melanoma cells, however, there will be practically
no melanosome transfer inasmuch as there will be no
receptor cells such as keratinocytes. Thus melanosomes
synthesized by melanoma cells are aggregated within
autophagic vacuoles in which melanogenesis-targeted drugs
will be retained. In order to utilize this unique melanogenesis
pathway for developing melanoma-targeted drugs, N-acetyl
and N-propionyl derivatives of cysteaminylphenols (NAc-
and NPrCAPs) have been synthesized [8, 29] (Figure 1).

22. In Vivo and In Vitro Melanocyte Toxicity and
Anti-Melanoma  Effects of Cysteaminylphenols (CAPs).
Both NPrCAP and NAcCAP were found to selectively
disintegrate follicular melanocytes after single or multiple
ip administration to newborn or adult C57 black mice,
respectively [12, 30]. In the case of adult mice after repeated ip
administration of NPrCAP, white follicles with 100% success
rate can be seen at the site where hair follicles were plucked
to stimulate new melanocyte growth and to activate new
tyrosinase synthesis. A single ip administration of NPrCAP
into a new born mouse resulted in the development of silver
follicles in the entire body coat. The selective disintegration of
melanocytes which is mediated by apoptotic cell death can be
seen as early as in 12 hr after a single ip administration. None
of surrounding keratinocytes or fibroblasts showed such
membrane degeneration and cell death [31, 32] (Figure 3).

A high, specific uptake of NAcCAP was seen in vitro by
melanoma cell lines compared to nonmelanoma cells [9].
A melanoma-bearing mouse showed, on the whole body
autoradiogram, the selective uptake and covalent binding
of NAcCAP in melanoma tissues of lung and skin [6]. The
specific cytotoxicity of NPrCAP and NAcCAP was examined
on various types of culture cells by MTT assay, showing that
only melanocytic cells except HeLa cells possessed the low
IC50 {8, 9]. The cytotoxicity on DNA synthesis inhibition was
timedependent and irreversible on melanoma cells but was
transient on HeLa cells [10].

The in vitro culture and in vivo lung metastasis assays
showed the melanoma growth can be blocked by adminis-
tration of NAcCAP combined with buthionine sulfoximide
(BSO), which blocked the effect of antioxidants through
reducing glutathione levels. There was a marked growth
inhibition of cultured melanoma cells in the presence of BSO
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with AMF exposure.

indicating that the selective cytotoxicity by CAP is mediated
by the production of cytotoxic free radicals. The in vivo lung
metastasis experiment also showed the decreased number of
lung melanoma colonies [6]. The problem was, however, that
a fairly large number of amelanotic melanoma lesions were
seen to grow in the lung [6]. NPrCAP has been developed
and conjugated with magnetite nanoparticles in the hope of
increasing the cytotoxicity and overcoming the problem.

3. Conjugation of NPrCAP with Magnetite

Nanoparticles and In Vivo Evaluation of
Melanoma Growth Inhibition with/without
Thermotherapy

3.1. Synthesis for Conjugates of NPrCAP with Magnetite
Nanoparticles and Their Selective Aggregation in Melanoma for

Development of Chemo-Thermo-Immunotherapy. Magnetite
nanoparticles have been employed for thermotherapy in a
number of cancer treatments including human gliomas and
prostate cancers [33-35]. They consist of 10-100 nm-sized
iron oxide (Fe;O,) with a surrounding polymer coating and
generate heat when exposed to AMF [12]. We expected the
combination of NPrCAP and magnetite nanoparticles to be
a potential source for developing not only antimelanoma
pharmacologic but also immunogenic agent. Based upon
the melanogenesis-targeted drug delivery system (DDS) of
NPrCAP, NPrCAP/magnetite nanoparticles complex was
expected to be selectively incorporated into melanoma cells.
It was also hypothesized that the degradation of melanoma
tissues may occur from oxidative and heat stresses by expo-
sure of NPrCAP to tyrosinase and by exposure of magnetite
nanoparticles to AME These two stress processes may then
produce the synergistic or additive effect for generating
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tumor-infiltrating lymphocytes (TIL) by in situ formation of
peptides that will kill melanoma cells in distant metastases
(Figure 2).

In order to develop effective melanoma-targeted
chemotherapy (by NPrCAP) and thermo-immunotherapy
(by magnetite nanoparticles with HSP), hence providing
a basis for chemo-thermo-immunotherapy (CTI therapy),
we synthesized conjugates of NPrCAP and magnetite
nanoparticles, on which NPrCAP is bound directly or
indirectly on the surface of magnetite nanoparticles or
magnetite-containing liposomes (Figure 4). Among these
NPrCAP and magnetite complexes listed in Figure 4,
NPrCAP/M and NPrCAP/PEG/M were chemically stable,
did not lose biological property, and could be filtered
as well as easily produced in large quantities. Most of
the experiments described below were carried out by
employing the direct conjugate of NPrCAP and magnetite
nanoparticles, NPrCAP/M. A preliminary clinical trial,
however, used NPrCAP/PEG/M to which polyethylene
glycol (PEG) was employed to conjugate NPrCAP and
magnetite nanoparticles.

In our studies, we found that NPrCAP/M nanoparticle
conjugates were selectively aggregated in melanoma cells
compared to non-melanoma cells [36]. The conjugates of
NPrCAP and magnetite nanoparticles would be selectively
aggregated on the cell surface of melanoma cells through
still unknown surface receptor and then incorporated into
melanoma cells by early and late endosomes. The conjugates
were then incorporated into melanosomal compartment as
the stage I melanosomes derive from late endosome-related
organelles, to which tyrosinase was transported from the
trans-Golgi network by vesicular transport [26].

3.2. In Vivo Growth Inhibition of Mouse Melanoma by Con-
Jjugates of NPrCAP and Magnetite Nanoparticles with/without
Thermotherapy. The intracellular hyperthermia using mag-
netic nanoparticles is effective for treating certain types of
primary and metastatic cancers [11, 12, 35-39]. Incorporated
magnetic nanoparticles generate heat within the cells after
exposure to the AMF due to hysteresis loss or relaxational
loss [13, 40]. In our study of Bl6 melanoma cells using
BI6F1, B16F10, and BI60OVA cells, we compared the thermo-
therapeutic protocols in detail by evaluating the growth of the
rechallenge melanoma transplants as well as the duration and
rates of survival of melanoma-bearing mice.

By employing BI6F1 and F10 cells, we first evaluated the
chemotherapeutic effect of NPrCAP/M with or without AMF
exposure which generates heat. NPrCAP/M without heat
inhibited growth of primary transplants to the same degree
as did NPrCAP/M with heat, indicating that NPrCAP/M
alone has a chemotherapeutic effect. However, there was a
significant difference in the melanoma growth inhibition of
re-challenge transplants between the groups of NPrCAP/M
with and without heat. NPrCAP/M with AMF exposure
showed the most significant growth inhibition in re-challenge
melanoma transplants and increased life span of the host
animals, that is, almost complete rejection of re-challenge
melanoma growth, whereas NPrCAP/M without heat was
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much less, indicating that NPrCAP/M with heat possesses
a thermo-immunotherapeutic effect (Figures 5(a), 5(b), and
5(c)).

Specifically our study indicated that the most effec-
tive thermoimmunotherapy for re-challenge BI6F1 and F10
melanoma cells can be obtained at a temperature of 43°C for
30 min with the treatment repeated three times on every other
day intervals without complete degradation of the primary
melanoma [37]. This therapeutic approach and its biologic
effects differ from those of magnetically mediated hyperther-
mia on the transplanted melanomas reported previously. In
previous studies by Suzuki et al. [38] and Yanase et al. [39],
cationic magnetoliposomes were used for B16 melanoma.
They showed that hyperthermia at 46°C once or twice led
to regression of 40-90% of primary tumors and to 30-60%
survival of mice, whereas their hyperthermia at 43°C failed to
induce regression of the secondary tumors and any increase
of survival in mice [38, 39].

4. Production of Heat Shock Protein,
Nonapoptotic Cell Death, and Tumor-
Infiltrating Lymphocytes by Conjugates
of NPrCAP and Magnetite Nanoparticles
with Thermotherapy

4.1. Production of Heat Shock Protein and Non-Apoptotic
Melanoma Cell Death by NPrCAP/Magnetite Nanoparti-
cle Conjugates with Thermotherapy. It has been shown
that hyperthermia treatment using magnetite cationic lipo-
somes (MCLs), which are cationic liposomes containing 10-
nm magnetite nanoparticles, induced antitumor immunity
through HSP expression [12, 22, 41, 42]. In our studies using
B16F1, F10, and OVA melanoma cells [43], the hyperther-
mia using NPrCAP/M with AMF exposure also showed
antitumor immune responses via HSP-chaperoned antigen
(Figure 6) [43]. It may be speculated that the HSPs-antigen
peptide complex released from melanoma cells treated with
this intracellular hyperthermia is taken up by dendritic
cells (DCs) and cross-presented HSP-chaperoned peptide
in the context of MHC class I molecules {44]. In our CTI
therapy with AMF exposure, the heat-mediated melanoma
cell necrosis was induced to NPrCAP/M-incorporated cells.
In this group, we also found that repeated hyperthermia (3
cycles of NPrCAP/M administration and AMF irradiation)
was required to induce the maximal antitumor immune
response [37].

If melanoma cells escaped from this necrotic cell death,
repeated hyperthermia should produce further necrotic cell
death to the previously heat-shocked melanoma cells in
which HSPs were induced. Our CTI therapy with AMF
exposure using BI6OVA cells showed that Hsp72/Hsc73,
Hsp90, and ER-resident HSPs participated in the induction
of CD8" T-cell response [43]. Different from the results of
BI6F1 and F10 cells, Hsp72 was largely responsible for the
augmented antigen presentation to CD8" T cells. As Hsp72
is known to upregulate in response to hyperthermia or heat
shock treatment [41], newly synthesized Hsp72 has a chance
to bind to the heat-denatured melanoma-associated antigen.
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