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Figure 8. Antibody production or cytokine secretion (TNF-c. or IL-1f) vs four parameters (C-potential, surface area, protein
number per single AuNP-E, and specific surface area). Blue, Sphere20-E; red, Sphere40-E; green, Cube-E; orange, Rod-E.

extraction of one specific parameter that dominates
immune responses appears difficult. However, we
choose four representative parameters for each
AuNP-E (surface charge, surface area, protein number
per single AUNP-E, and specific surface area, which is
the total surface area per single nanoparticle volume
(Table S1)) and investigated the correlation between
these parameters and antibody production and cyto-
kine secretion (TNF-a. or IL-1/3) (Figure 8). We note that
the specific surface area has an inversely proportional
relationship to both antibody production and cytokine
secretion. The AuNP-Es with a low specific surface area,
such as those with large spherical structures, induced
high levels of antibodies and cytokines. In contrast,
different effects on antibody and cytokine production
were observed for the other parameters. It is known
that the size of the spherical nanoparticle present-
ing the antigen'” as well as the density of the
antigen on the nanoparticle surface’ is important
in producing a strong immune response. On the
basis of the above correlations, we propose that
specific surface area, which is dependent on both
the size and shape of the nanoparticles, is the key
factor to simultaneously explain the immune re-
sponses observed in vivo and in vitro in our study.
The larger antibody response of Rod-Es compared
to that of Sphere20-Es can be explained by the
effects of aggregation and their ability to induce
high levels of inflammasome-related cytokine se-
cretion. Although the size of nanoparticles has been
reported to affect their pharmacokinetics®” ~%° and
immune responses,'’?%®" our in vivo findings
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regarding the dependency of immune response
on the specific surface area, which is a factor in-
fluenced by both size and shape, will be an impor-
tant factor in the further development of nanoparticle-
based vaccines.

CONCLUSIONS

We investigated the effects of shape and size
(Sphere40, Sphere20, cube, and rod) of WNVE-coated
AuNPs on antibody production in mice. Sphere40 was
more effective as a platform than the other shapes
(cube and rod) or the smaller sphere (20 nm). For
in vitro studies using APCs (macrophage and dendfritic
cells), the rods were most efficiently internalized
into these cells and induced the secretion of the
inflammasome-related cytokines, IL-15 and IL-18. On
the other hand, Sphere40 and cube AuNPs were
inefficient for cellular uptake from APCs in comparison
to the rods; however, both Sphere40 and cube AuNPs
induced the secretion of the pro-inflammatory cyto-
kines, TNF-q,, IL-6, IL-12, and GM-CSF, at high levels. We
speculated that Sphere40 could efficiently induce anti-
body production by activating these inflammatory
cytokines, whereas rods act via inflammasome activa-
tion. We note that the specific surface area of AUNPs of
various sizes and shapes is a common factor that is
correlated to both the secretion of pro-inflammatory
cytokines and antibody production. The detailed mech-
anisms for and generality of the dominant factor
underlying the effects of size and shape on immune
response, such as aspect ratio, level of protein adsorp-
tion, or interaction between nanoparticles and the cell
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membrane, should be clarified in a biological environ-
ment by further investigation. However, our data for AUNP
shape-dependent antibody production and specific

cytokine release will contribute to the future design of
safe and effective nanoparticle-based vaccines through
the activation of the desired immune response.

MATERIALS AND METHODS

Materials. All commercially available reagents were used
without further purification. Dulbecco's modified Eagle's medi-
um (DMEM), RPMI-1640, fetal bovine serum (FBS), penicillin,
and streptomycin were purchased from GIBCO. The 96-well
plates for ELISA were purchased from NUNC (Thermo Fisher
Scientific Inc., USA). ECL Western Blotting detection reagents,
Precision Plus protein dual color standard, Mini-PROTEAN TGX
precast gels, Immun-Blot PVDF membrane and extra thick blot
paper were purchased from Bio-Rad Laboratories, Inc. (USA).
Mouse anti-WNV envelope IgG and HRP-conjugated anti-mouse
IgG were purchased from Abcam plc (UK). IL-15 and TNF-a.
Quantikine ELISA kits were purchased from R&D Systems, Inc.
(USA). IL-18 ELISA kits were purchased from MBL (Japan).
Verikine IFN-otELISA kits were purchased from PBL Interferon
Source (USA). Other reagents were purchased from Wako Pure
Chemical Industries (Japan) and Sigma Aldrich (USA). In all
experiments, deionized Millipore water (18 MQcm™") was used.

AuNP Synthesis. Gold nanorods (rods) were prepared using
a seeding growth method as described previously by
Murphy et al.” Gold nanospheres (20 and 40 nm in a diameter;
Sphere20s and Sphere40s, respectively) and nanocubes (cubes)
were prepared according to the method reported by Wang et al.
with modifications,? particularly in the case of the nanospheres.
Briefly, to a seed solution consisting of HAuCl, (0.01 M, 250 ul)
and CTAB or CTAC (0.1 M, 7.5 mL) was added ice-cold NaBH,
(0.01 M, 600 wL). The resulting seed solution was stirred at room
temperature for 2 h. The CTAB-stabilized seeds were used for
cube and rod synthesis, and CTAC-stabilized seeds were used
for nanosphere synthesis. The growth solution was prepared
by the sequential addition of CTAB (0.1 M, 2.9 mL) or CTAB
and CTAC (0.1 M, 1.45 mL each), HAuCl, (0.01 M, 370 L), and
ascorbic acid (0.1 M, 1.8 mL) into water (15 mL). The seed
solutions were diluted 10-fold with water. The diluted seed
solutions (9.3 ul for Sphere40 and cube, 93 L for Sphere20)
were then added to the growth solution. The resultant solutions
were mixed by gentle inversion for 10 s and then left undis-
turbed overnight at 30 °C.

Scanning transmission electron microscopic (STEM) images
were obtained using a STEM HD-2000 system (Hitachi High-Tech
Manufacturing & Service Co., Ltd., Japan) with 200 kV accelerating
voltage. UV—vis spectra were measured with a UV—vis spectro-
photometer (UV-1650PC; Shimadzu Corporation, Japan).

Preparation of West Nile Virus Envelope (WNVE) Protein. Water-
soluble His-tagged ectodomain of WNVE protein (NY99 6LP
strain) was produced by a persistently expressing 293T cell line.
WNVE protein was purified by immobilized metal ion affinity
column chromatography with a Ni-NTA column (GE) in accor-
dance with the manufacturer's instructions. The elution frac-
tions were assessed by SDS-PAGE, and those fractions
containing WNVE protein were pooled. The purified E protein
was then dialyzed overnight at 4 °C against PBS and concen-
trated using a 30 kDa molecular weight cutoff (MWCO) Amico-
nUltra filter unit (Millipore).

For cell imaging, the WNVE protein was modified with
Alexa Fluor 647 carboxylic acid and succinimidyl ester (Life
Technologies) by incubation for 1 h at room temperature.

AuNP—Protein Complex (AuNP-E) Preparation. The synthesized
AuNP solutions were purified by centrifugation twice using a
CF-16RX system (Hitachi-Koki, Ltd., Japan) to remove excess
CTAB (2000—4000g, 10 min each). According to previous report
published by Murphy et al.*® a poly(4-styrenesulfonic acid-co-
maleic acid) sodium salt (PSS-MA; 1:1 4-styrenesulfonic acid/
maleic acid mole ratio, MW ~ 20 000 g/mol) solution (10 mg/mL,
200 ul) was added to the AuNP solutions (1 mL), and the
resultant mixtures were vortexed for 30 s. After adsorption
for 1 h, the excess polymer in the supernatant fraction was
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removed by centrifugation twice (2000—4000g, 10 min each)
followed by resuspension in water. WNVE protein (10 ug) was
added to the polymer-coated AuNP solutions, and the mixtures
were incubated at 30 °C for 1 h. After adsorption, the excess
protein in the supernatant fraction was removed by centrifuga-
tion twice (2000—4000g, 10 min each) followed by resuspen-
sion in PBS.

Quantification of WNVE Protein on AuNPs. The AuNP-E solutions
were concentrated by centrifugation and then added to SDS-
PAGE sample buffer to peel off proteins from the surface of
the AuNPs. After heating at 95 °C for 5 min for denaturation of
the proteins, the solutions were centrifuged (6000g, 5 min) to
completely precipitate the AuNPs. The supernatants were
applied to SDS-PAGE with WNVE protein of known concentra-
tions and then transferred to a PYDF membrane using a semidry
method. The transferred membrane was analyzed by Western
blotting with mouse anti-WNV envelope IgG and HRP-conju-
gated anti-mouse IgG. Immunoreactive proteins were detected
with ECL detection reagent and quantified by densitometry
using a LAS-3000 imaging system (FUJIFILM, Japan).

Absorbance and Dynamic Light Scattering (DLS) Measurement in
Biological Medium. The AuNP-E solutions were added to DMEM
supplemented with 10% fetal bovine serum (FBS) and incu-
bated for 24 h. At 0, 6, and 24 h, absorbance spectra and
hydrodynamic diameters were measured using a UV—vis spec-
trophotometer and Delsa Nano HC (Beckman Coulter, USA).

Immunization and Analysis of Antibody Responses. Groups of ten
4-week-old female C3H/HeNJc1 mice (CLEA Japan, Inc., Japan)
were intraperitoneally immunized twice at 3 week intervals with
100 ng protein/animal of AuNP-Es, PBS, or WNVE protein solu-
tion. Sera were collected at 1 week after the second immuniza-
tion. The anti-WNVE immunoglobulin G (IgG) titers of the
individual mouse sera were determined using ELISA plates
coated with WNVE protein and HRP-conjugated antimouse
IgG. Immunoreactive proteins were detected with SIGMAFAST
OPD. After reaction, the absorbance at 450 nm was measured.
Absorbance cutoff values were calculated as the mean absor-
bance of sera from PBS-immunized mice. Antibody production
was expressed as the reciprocal of the maximum dilution giving
an absorbance greater than the cutoff value.

Generation of BMD(s. Bone-marrow-derived dendritic cells
(BMDCs) were generated from mouse BM as previously
described.®>%3 In brief, BM cells of 6-week-old male C3H/HeNJc1
mice were depleted of T cells, B cells, macrophages, and
granulocytes by killing with lineage-specific antibodies and
complement. Subsequently, the cells were cultured in RPMI-
1640 supplemented with 10% FBS, 10 ng/mL recombinant
mouse granulocyte/macrophage colony-stimulating factor
(rmGM-CSF; R&D Systems), and 50 uM f-mercaptoethanol for
6 days in 24-well culture plates. The culture medium was
changed for fresh medium every 2 days. We usually acquired
4 x 10° immature DCs from each mouse.

Cell Culture and Treatment with AuNP-Es. RAW264.7 cells were
maintained in DMEM supplemented with 10% FBS, 500 units/
mL penicillin, and 500 #g/mL streptomycin. Cells were seeded
at 10° cells/well in 6-well cell culture plate or 35 mm glass-
bottomed dishes (Asahi Glass Co. Ltd., Japan) and treated 24 h
later. In the case of BMDCs, cells were seeded at 10° cells/well in
triple-well glass-based dishes. The cultures were keptat 37 °Cin
a humidified incubator under a 5% CO, atmosphere.

In cell imaging experiments, AUNP-Es conjugated with Alexa
Fluor 647 were added to the cell dishes at a final concentration
at 5 x 10'® NPs/mL. After incubation in an incubator for 1.5 h,
the cells were washed with PBS three times to remove AuNP-Es
that did not enter the cells and then added to fresh culture
medium. For colocalization observation of AuNP-Es and lyso-
somes, 50 nM Lysotracker Blue DND-22 in cell culture medium
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was added. After incubation for 30 min, cells were washed with
PBS three times and added to fresh medium. These cell samples
were then ready for imaging measurements. Fluorescence and
differential interference contrast (DIC) images were obtained
using a confocal laser scanning microscope (CLMS; Olympus
FV-300). The cell imaging experiments were done under same
conditions, including laser power and photomultiplier gain, on
the same day. In BMDC imaging experiments, BMDCs were
treated with 10 ug/mbL AuNP-Es for 24 h. After exposure to
AuNP-Es, cell culture supernatants were removed and 0.2 ug/mL
Hoechst in cell culture medium was added. After incubation for
20 min, cells were washed with PBS three times and added to
fresh culture medium.

In cellular uptake and removal experiments, AUNP-Es were
added to the cell dishes under the same conditions as in the cell
imaging experiments, and washing was performed in the same
manner. For the removal experiment, the cells were cultured for
a further 48 h and washed three times. The cells were treated
with aqua regia, and the cell dispersion was further sonicated
for 1 min to completely disrupt the cell membranes and dissolve
AuNPs to gold ions. The resultant solutions were diluted with
water (6 mL). The concentrations of gold ions in the cells were
determined by ICP-AES (ICPE-9000, Shimadzu) after obtaining a
calibration curve for the gold ions at various concentrations
using commercial standards. The concentrations of gold ions
contained in the cells were then converted to the number of
gold nanoparticles taken up per cell by consideration of the size
of the nanoparticles obtained from the STEM imaging and the
total number of cells involved.

TEM Observation. RAW264.7 cells were incubated with the
AuNP-Es (final concentration: 2 ug/mlL) for 3 h in DMEM on
BioCoat poly-o-lysine 8-well CultureSlides (BD). After washing
with PBS buffer, the cells were fixed in 2.5% glutaraldehyde/0.1 M
phosphate buffer (pH 7.4) overnight at 4 °C, postfixed in a mixed
aqueous solution of 1% osmium tetroxide and 1.5% potassium
ferrocyanide for 2 h atroom temperature, dehydrated in a graded
ethanol series, and embedded in Epon 812 (TAAB). Ultrathin
sections were then cut on a RMC Ultramicrotome MTX. The
sections were stained with uranyl acetate followed by lead
citrate and examined at 80 kV with a JEM-1400 transmission
electron microscope (JEOL, Japan).

Cytokine Production Measurement. BMDCs were first primed
with 50 ng/mL LPS for 3 h. After priming, the cells were seeded
at 10° cells/well in 96-well cell culture plate. The cells were
then treated with 50 ng/mL LPS and AuNP-Es at various
concentrations for 24 h. The level of iL-18 and iL-18 was
measured by ELISA following the manufacturer's protocols.
For several cytokine and chemokine measurements, BMDCs
were not primed with LPS. Culture supernatants were col-
lected and tested for cytokine levels by LUMINEX (IL-6, IL-12,
and GM-CSF) using the mouse cytokine Ten-Plex antibody
bead kit (Invitrogen) or ELISA (TNF-a and INF-a) following the
manufacturer's protocols.

Cytotoxity Assay. Cells were seeded at 10* cells/well (RAW264.7
cell) or 10° cells/well (BMDC) in 96-well cell culture plates. Cell
viability was tested using a cell-counting kit 8 (CCK-8, Dojindo,
Japan). After incubation for 24 h with AuNPs, the medium was
removed, and fresh medium (100 L) containing 10% CCK-8
reagent was added to each well. The culture plates were
incubated at 37 °C and 5% CO, for 3 h. After incubation, the
absorbance at 450 nm was measured using a microplate reader
(Infinite 200 PRO, Tecan).

Statistical Analysis. Statistical analysis was carried out using
Student's independent t test. A value of p < 0.05 was considered
to be significant.
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[F5ER L BRER) 31% 2 B 146-150 2013 4F
FRYYE L, BN LD A vE—

7. HTLV-1 L Byl - U o2 JE

gk B R FHHE (ESCRRERTIERT U EE)

fal

Uiz

E b THIBEMABE YA /A ITHE (Human T-cell leukemia virus type I; HTLV-1) I 1980 4
WD TOE hOAMAETANVAE LTERRENTZLV YA VATHD 1], —FH. A TH
fEMmE - U E (Adult T-cell leukemia; ATL) X, WA /LVADIERIZHESLD 1977 FI2E
AR o THESNTRBEMESTHY [2]. VAN ADFERE, HILV-1 I ATL DFER Y A LR
Th D & BNEBRANCTER S 4, BIE TIE ATL i THTLY-1 SRR A RIS 2R LIz b D |
EEZRINTWD[3], HILV-1i%, AR, 77 V0, AU 7, @%%¢b&bféﬁﬁ’
BFHOTANAZTY U T BEET D, 2007 FIZEESFEE OFRIENIT - - 2EFHEIC
&EKK@%MB%A@%VU?ﬁﬁEbTM%BLHHW&@E@@%ﬁ%iE%:iéﬁp
R E RS LTI KA KRB TH D, BEAEIZLDF YU T OH%K 60 F0
RHIOBERIIDOBIZ ATL ZFIE L. BARTIIELE 1000 ALLEA ATL L 2B s T 5, HILV-1
I ATL o, HTLV-1 Bf & 7@"1’5{“ (HTLV-1 associated myelopathy / tropical spastic
paraparesis; HAM/TSP), HTLV-1 & & 5 FEAK MHTLV-1 uveitis / HTLV-1 associated uveitis:
HU/HAU) DJRR T A VAL LTHBN TS, Fx U700 ORERITATL RExbEy,
E D FEMER L OERITZFEE X, ATLORR, VA NVADRIE, VA VABGTOBERRSRE Y
ANAZE GTEMF, REF, BFERELFENLOMEICEKEERE L TE T, TORk
F. BRI HILV-1 O TAEWFERMRNT . ATL OFRBEMITIIE B OESE 1208, BiE
BAEIIIRIEICS < ORPEINTRY . WREOHIL LIEETH D, AR T, HILV-1 12X
D R ARG O BEE LA AR L. SRE SR SR DSIIE D HEMWE T L & AW T RN
ATL RIBHAETF FE O BRIE OMBIZ OV TR 2, 7238, ATL OFFEEERICE U e fistia
Ml bHHDOT, THLEREINT,

HTLV-1 12 & % sl AL o g b
HTLV-1 ® 22— R+ A&EFICIE. L ha 7 A LR THEO Gag, Pol, Env OHES L /7 E
IZz T, Tax BE U Rex EWIHFAFIZ X7 E, BL O pl2l, p13", p3o" o7 74 —%
VRITE, BLXOT TRV ANLEE SN D HBZ BEET H, HTLV-1 BEROFBITE D=
B A RO T D IR NI RBIC Y A VAR F 2 AT DD TR, BEMEOHE
TERAFEZRT I IR, BRI at—HEBOE L9258 2AIhD, 02D
TVANADA—RTHH PRI BIRETANVAEERT DRTF L2572 TR EEMaizse L
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THEARIERZRIZTZ LR D, ZRbDH Xy B O R TRYSHIO R & R R
BRLEELEZLNTWDDON Tax Th B,

Tax |34 1 & 40kDa D U Vb & v X7 ETH Y, FIZENIIRET D, VA LVABEROE A
DHRD & Tax TUVANVABEFORNDBEBETIEEICRTFTH D, —FH. BEMRICHT S
Tax OYERIL, 18 EMIREE T RBLOBHIE & o 7T IREROEMELZ 18 U fasgmE s 7R
k— 3 20t DNA (EIEHIE O & B R BE OFERILL D5 ) ARREEOFE L W 2 JER
Ll e L T—RIICALNTHDE D THY | JBEILOA =z —a ViDL EEZDL
Z6NTW5, BT, Tax (214 T HBZ 28 HTLV-1 IZ X D RWHEFFO—R L2 5 Z L AL MU
SN, KR, FERAREOT L —FY—LTax THDEEZ LN T3,

ZIVE TOLTEDFRIMATIC L BN TO Tax DR BODIEH LI - TE DR,
ATL DFJEICIERWEBRIIM A ZE L, BREORSENKETERES YV T THDEI L, &5
2132 < @ ATL B3 @ B i fliia Tl Tax OFRBELRIHI S TBY . BRO X 57 In vitro D
EBRCHL N E N7 Tax OEEO LT HTILV-1 IZ X A REMEL AT Z L IXREETH 5,
ATL BB OFEFHERIMENT A BI%, ATL BEEIE D72 < & b 5 DOBETFFINEOERT 2 LM
BIBET VBT DI ENMONTVAN, BBEICELETICEEINIBETFFHIELE
Tax OHEEE & OBRMER EIZOWTIEWERBRHATH D, F/o, MEEMLBMRBHAIT
ATL BT TUT, B O FAFHERF & Tax KFEAY CTL {EME O TTHE & O BEME A Fa T~ 2 WA
Hdp v, HTLV-1 REYGEAHARIC b9 5 B B R 2% ATL ORIE & D CTEERER1R S 5 L E 2
BNTWVWD, ZOXKIICLERERECE ERE & OMAEIERZ &R VBRI OMICAERANT
BZoTWDHZEEHALMNTL, BICARRIBFRIEEZ YT 272 DITE R8T 7 VR %
BEARWRERD,

HTLV-1 E42E € 7 v

BIYEDBMTT V&I, SRR EICEEZMEDOH 28 E VT M OBRE LEEOFTRE
EFEASELLOTH D, ODERUEMET VMEEIND &, FERSCHEME O 22 MR
MTEDIET TR FHIECIHERIEOHRIL b AREL 2D, LrLERb, YOXsREmET
ATHE FERABAEMERNTOAL L, BAICE MR- TWAL L 2HRTSC &iE
RAHETHY, TOET AN THEEINIFRLEREORBLIIERIESZE LEMBE L ET
MRICHWD Z ENEETH S,

HTLV-1 i3, = UV AZBRIF LA EOEMITERT 52 LR TE, YL, X T b
LAE— Falp EOBPTEREETAMELNTE I, Y& U2 FNTEYET VI,
& O G ROMEAT 2 OB LT 12 2 YL & DTSRI T H YA ERSE L, HTLV-1 S0
SERRICER CThotz, 7o, BEEMNICHSL INZEHOARRANEET DT v MIF AR
HTLV-1 e T L E LTHAWLNTEY, WKA EWHRKEDO T » Midke ho HAM / TSP [ZFERL
LIRBERETAZENMONTVA, LLAERL, WTFROEBHITBWTEH ATL OB
BIXEH I TWRNWIE],
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ATL = 7 R EF )L DR

ko X5 72 HTLV-1 Y B 70 1%, HTLV-1 JEYME 2 B4 2 72 DICIISERA R TH 5
M, HILV-1 (L BRMAFHTEIAY, 22T, BEMEICORICER Lz v A L ARET b
TUARAY 2=y VI L DR T LV ERWEENITON TV 5, Bk OREIZ HTLV-1 12 X
DI IIL Tax VEBERBHEE L TSI ERPALNIR>TNDZ b, Fxld, TH
fatEammE - U o SEOET VEERT S HETHILY-1 O tax BT % lck i 7 a & —4& —
TICEBESED HILV-1' Tax P T v AV x=v 7 =T A (Tax tg vV A) ZERLZ[6], Bbh
7o Tax Tg = 7 AI3AER 10~23 » ARRE LI BICHIIE, U o EilER. BEREES & 5E L.
S DX B ZFAE L, MikFaicid, BARSEEE S OVFE AN Y R ED
&% 2 UNEG AR TR, H%@E i, B, KE~ORERALNEZ, Bl L7z @R ORM
Mz Ao AmBEHEITRSE L Ty a~F o OEME L-eE> ATL ICBEBR Tt
MiE (flower cell) | B Th - 72 (X)), Z @ HIMIFMIE DR EHFIFITHAZE N CD3 (+) , CD4(-)
CD8 (=) @ pre-T MR K DIEE TH - 7=2%, ATL THRFEI L T3 CD25, CD69 LIEMETH Y |
S BT, ZOMIBIZIWTIE HILV-1 (2 L 2 BRI EBE @ & 2 LT\ 5 NF-« B ATEME(L
LTS FTEZ D ATL LIHFFICERSBRELE L ATL ORVREBET VD L&
ZHNTWD, TAILZIDATL U RAETNVERWT In vivo TEIRMA ATL OFiz 72 1RFE
HIDOHFEZE LT D,

ATL = U AT T V& AW T2 8T RIER OFRER

HEAT U7 ATL TIIEE. B8E. . ATIE. Wik JOMME o ZlEss~ o fmmiianizEs 5
ZERMLNTWD, LU, ATLHBEOREA T =AM NETIZLEAED > TR
koEmf%%rbkmxmvﬁz?@tbAu&ﬁ%\m%@ﬁ%m%%ﬁamﬁM@@E
MERDIZZ 0D, Tax (2 LV FES R B IUUFEMIRICEA OEEHRREO 2 h =X L03F
TETHATHEMEN B 2 LTz, & Z T, mATL MlAE & F VW CTHEE ARG O B L g O MR B 2 3 A7z,
Z OFER, wATL HIRL O HEALMEIZIE SDF-1 o /CXCR4 RSO B 52 RIE S - (7], &6I12, Z DRk
it b ATL SEFIHERO BimMaOEEICEBEb> TWa Z BN ERol, £2T
mATL HIfE Z a8 R E~ U AR L, CKCR4 #5513 TH D AMD3100 &5 L& Z A, i, B
KO~ B mm e @A mEl iz, L EDZ &b SDF-1a/CXCR4 REAEET D
AMD3100 /%, ATL MIfRIRIE 23 28 LWIREREOHERM L 25 LB b,

ATL = U ZAET VSR IT AEEBHE0OR R

WAZ, ATL MR B2 IElT 27210 T d | ZTOMEEMET 2 Z &N T 2 RAIZERT S
72T ATL AR CHEE AIZIEE(L LT 5 NF- « B R 2 5 AT L E T 2 BEE R RO M
EiTol, LvL72en b, ZOFESNE In vitrolZEBV Tk mATL FAE D NF- « B &AL 2 40k L
TRF=VAZFETLENRTELICHEOLLT, In vivo DERTITERIEDIL nATL Mg O
FEAE T D b O OFIED R IR L T IEEMBOMEIEN R D FNA LI o T, ITE,
SFEIEREREE. MIREE BT EENCBWCHCERELEREEER T IFS
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ERGERFEOBMBEEEAHTERENE DT b OMIE) & EEINEWVERSIMEE D E2E T
B FEERMAE (Cancer Stem Cell; CSC) DIFENE SN TWD, ATL vV XEF NV TIE, In vivo
WCBWTEAIBIERNE LTS &0 ) ERN S, mATL MR D T2, FHNZTHED B 5 Minor
population BFFEL. EOEMMPEEANTOEEDILKIZFS L TWDD TRV LW IR
BMAREZ b, T2 ToATL fifEE BEAIR L CRERE~Y VY AIBHET 2 EREITo/ & 2
A, 10000 fEOMISEAE LI B CTIIERESEHEI NS5, 1000 EOMIEBIE L EE T
JEREHEERNE LED Lz, 20205 nATL M FIZIZ, 0.01%~0. 1%D LR THEE
B 2 o I EEIIE (CSO) BBEEL TWA Z ENEZ b, & 51T mATL MMOERE
PURE FEMIZRETT 5 2 & 1I2 X > T, mATL fAEHIZIE side population (Z47E &4, CD38(-),
CD71(-), CDI17(H) LW HREPURZAF L. 100 HDOMIRBMEIC & v EE 2 BEET 5 FN K
X BB 0. 3% FET D Z EBRHLNI2-72[8], B PATLIZBWTIE, v UVAET
NTROM o2 &9 BB RIZ R OMho Ty, L LN b, o mikEE T
RN FERENTND Z &0 ATL OIREETIMEEZR T 5 & ATL [OESMEAFEET 2 FiT+
BNEZONDETHY, BE, ERLBIPLE o TREFEHFLMM JSPFAD 12 L - THEE X
Nliz=F U T AN 7 Z ANz b ATL TOBBMBOERMTbL TN 5D,

B0 RNKERA 7 MEFOOIX, TRNEBIEEERAMICE X 5 THEES S
BNHTHDH, —fRETESEEZIEN L LREEL, Bl oo nB8rn 1%
FET S, FBetMmias R IC BT 2 MR mIURIC )T 2 FURESRIC X Eeilin 2 i
BZRET S, LFRECEFECh o ToBEHMEORZEE LT 5. 2 OB TORREN
T TWad, ZhbDFEDHELELZ2DOIFXIEFOMIE, BRICBIEEL 52K 57k
RIS & 22 DR HASRN 2D TRRETHZEThHDH, T2 T, Bxld, mATL fiaDH
23 CD38(-), CD7L(-), CD1L7(+) &\ o REEFFOMMusEHl 4 £ O EM s C /R ZrY 7250 F D
FAEZEESIHEEMITICE VAL TS, ZRETOLE Z AR CIIIEmEMnIC
XN ODPDIEL X TEORBENRE N ERGHoTWD, 5%, TbOHT &EEg
TAOBBREZFEMICHA LN L TN Z &I XY, BmEpMiaicxt3 5 8RR RIERRIC O
BHEEZLND,

ATL (ZBEMRNPTEET D E W I EROZHUHEIC OV TiId e MPELE W RO R % 77
DORBERH DN, ZOX DR FROWELOBITEAIL Lz ATL v~ U R ET HEOERITKE
W, BT, ATL = 7 ATV THESHER I NCHE e f#E & IFN o OFFAEFEIEBRAIIC S0
EHFETILI LWL THERH DL EEZLNTEY[9], 4%, BEEHMIEIZERE Y T
WHETe Z LT LV ATL T 2 B BERE ORI S 5,

BV

30 FELL_ERMIZ ATL OFE R Bk E o 7= HTLV-1 581X, Z 0, ATL &t HTLV-1 BERE
DEFFIET T A NATE FEY, MIRY, WP, DFEWFEREL S OHE TRa 72K
ERRESNTE T, LOLRRL, BENORBIEE TORWE A LT VT EREROEKIND
HTLV-1 BB B 2 HTLV-1 JEYSE & LTI 2 2 RR PR+ oD TR WnE WS ZLRE
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b TWB[10], BIE, ZOREEEE L, ATL 28 H 7= HTLV-1 BEE B O FAITERLE Th
HZEEBEAEBL. BYEILY 7 F o OBRELF v U 7T DB e B RIE OB RN
HLONTND, EBIT, v UTICBWT ATL BIELKRRFTH DKM Y > SBRkeh ke
AR LR 28 4 % DL BTN L7 REE T & 2 O EBR BICRE L TV A REEZ R H- KA
BEa e LT DBk HTLV-1 JSE ] 2 EFR L. Z ORI HTLV-1 BREER BRIAE % U5 1k ¥ 2 Bk
BREEST DI EBNIRBES N TWA[10], 4. ATL &0 HTLV-1 JRYAE ~ D SRR 72 %6 5K 2 #E
HEFTH72HICH HILV-1 L EREZ OS2 RHE] 2L LTS RER DY | REEER &R
IO WFT OGN E X LRAMAOEBNLEEND,
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ARTICLE INFO ABSTRACT
Article history: Viral vectors are promising vaccine tools for eliciting potent cellular immune responses. Pre-existing anti-
Received 5 July 2011 vector antibodies, however, can be an obstacle to their clinical use in humans. We previously developed

Received in revised form 5 September 2011
Accepted 8 September 2011
Available online 20 September 2011

a Sendai virus (SeV) vector vaccine and showed the potential of this vector for efficient CD8* T-cell induc-
tion in macaques. Here, we investigated the immunogenicity of SeV vector vaccination in the presence of
anti-SeV antibodies. We compared antigen-specific CD8* T-cell responses after intranasal or intramuscu-
lar immunization with a lower dose (one-tenth of that in our previous studies) of SeV vector expressing
simian immunodeficiency virus Gag antigen (SeV-Gag) between naive and pre-SeV-infected cynomol-
gus macaques. Intranasal SeV-Gag immunization efficiently elicited Gag-specific CD8* T-cell responses
not only in naive but also in pre-SeV-infected animals. In contrast, intramuscular SeV-Gag immunization

Keywords:
CD8* T-cell responses
Sendai virus vector

Intranasal
Pre-existing antibody induced Gag-specific CD8* T-cell responses efficiently in naive but not in pre-SeV-infected animals. These
AIDS vaccine results indicate that both intranasal and intramuscular SeV administrations are equivalently immuno-

genic in the absence of anti-SeV antibodies, whereas intranasal SeV vaccination is more immunogenic
than intramuscular in the presence of anti-SeV antibodies. It is inferred from a recent report investigating
the prevalence of anti-SeV antibodies in humans that SeV-specific neutralizing titers in more than 70% of
people are no more than those at the SeV-Gag vaccination in pre-SeV-infected macaques in the present
study. Taken together, this study implies the potential of intranasal SeV vector vaccination to induce
CD8* T-cell responses even in humans, suggesting a rationale for proceeding to a vaccine clinical trial
using this vector.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction vectors can induce natural infection in humans. Thus, pre-

existing antibodies against the vector virus itself could be an

Virus-specific CD8* T-cell responses are crucial for the control
of human immunodeficiency virus (HIV) and simian immun-
odeficiency virus (SIV) replication [1-6]. Efficient induction of
virus-specific CD8* T-cell responses is an important strategy for
AIDS vaccine development, and recombinant viral vectors are
promising vaccine tools for CD8* T-cell induction [7,8]. Recent
studies have indicated the potential of prophylactic viral vec-
tor immunization to induce virus-specific CD8" T-cell responses
and reduce postchallenge viral loads in macaque AIDS mod-
els [9-13]. Most of the parental or related viruses of these

* Corresponding author at: AIDS Research Center, National Institute of Infectious
Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan.
Tel.: +81 35285 1111; fax: +81 3 5285 1165.
E-mail addresses: tmatano@nih.go.jp, matano@ims.u-tokyo.ac.jp (T. Matano).

0264-410X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2011.09.028

obstacle to viral vector-based CD8" T-cell induction in humans.
Indeed, a clinical trial of a vaccine using adenovirus serotype
5 (AdV5) vectors has shown reduction in efficiency of vaccine-
based CD8* T-cell induction in people with pre-existing anti-AdV5
antibodies [14-17].

We previously developed an AIDS vaccine using a recombi-
nant Sendai virus (SeV) vector and showed that intranasal SeV
vector immunization results in efficient induction of antigen-
specific CD8* T-cell responses in macaques [9,18,19]. SeV, murine
parainfluenza virus type 1 (PIV-1), is an enveloped virus with a
negative-sense RNA genome. SeV replication is localized in the
airway because it requires a protease localized in the airway
epithelium for envelope protein processing [20]. Thus, replication-
competent SeV vectors [21] have been administered intranasally,
while replication-defective SeV vectors [22] may be administered
intramuscularly as well as intranasally. However, we have not
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Fig. 1. Gag-specific CD8* T-cell responses after intranasal boost with lower doses of F(—)SeV-Gag. Cynomolgus macaques received a DNA vaccination, and six weeks later,
were intranasally boosted with 6 x 10° (109), 6 x 108 (108), or 6 x 107 (107) CIU of F(—)SeV-Gag, respectively. Gag peptide pool-specific CD8* T-cell frequencies (percent in
CD8* T lymphocytes) two weeks after the boost are shown. A panel of overlapping peptides spanning the entire SIV Gag amino acid (aa) sequence was divided into 7 pools,
1-65 (corresponding to the 1st-65th aa in SIV Gag), 55-139 (55th-139th aa), 129-213 (129th-213th aa), 202-292 (202nd-292nd aa), 282-364 (282nd-364th aa), 354-442
(354th-442nd aa), and 432-510 (432nd-510th aa), and used for the stimulation to detect peptide pool-specific CD8* T cells, respectively.

yet examined the immunogenicity of intramuscular SeV vector
vaccination.

The natural host of SeV is mice and its natural infection has
not been observed in primates including humans [20]. Antibodies
against human PIV-1 (hPIV-1), whose natural infection frequently
occurs in humans, are known to cross-react with SeV [23,24]. Our
recent analyses in macaques showed efficient Gag-specific CD8*
T-cell induction by an intranasal immunization with 6 x 109 CIU
of F(—)SeV-Gag more than one year after an initial SeV vec-
tor inoculation, suggesting a possibility of antigen-specific CD8*
T-cell induction by SeV vector administration in the presence
of SeV-specific neutralizing antibody (NAb) responses [25,26].
However, it remains unclear to what extent SeV-specific NAbs
could have adverse effect on CD8" T-cell induction by SeV vector
vaccination.

In the present study, we investigated antigen-specific CD8*
T-cell responses after intranasal or intramuscular immunization
with a lower dose of SeV vector in macaques pre-infected with
SeV to sensitively examine the effect of pre-SeV-infection on SeV-
based CD8* T-cell induction. Our results revealed that intranasal
SeV administration is more immunogenic than intramuscular in
the presence of anti-SeV NAbs and suggested the potential of this
vector to induce antigen-specific CD8* T-cell responses even in
humans.

2. Materials and methods
2.1. Animal experiments

The animal experiments were conducted through the Coop-
erative Research Program in Tsukuba Primate Research Center
(TPRC), National Institute of Biomedical Innovation with the help
of the Corporation for Production and Research of Laboratory
Primates. All animals were maintained in accordance with the
guidelines for laboratory animals of the National Institute of Infec-
tious Diseases. Blood collection and vaccination were performed
under ketamine anesthesia. Cynomolgus macaques (Macaca fas-
cicularis) of the TPRC breeding colonies derived from Indonesia,
Malaysia, and the Philippines were used for this experiment.
All animals received a DNA vaccine followed by a single boost
with a replication-defective (non-transmissible) F-deleted SeV
expressing SIVmac239 Gag, F(—)SeV-Gag, as described previously
[9]. The DNA, CMV-SHIVdEN, used for the vaccination was con-
structed from an env- and nef-deleted SHIVypi4yeg molecular
clone DNA [27] and has the genes encoding SIVmac239 Gag,
Pol, Vif, and Vpx, SIVmac239-HIV-1 chimeric Vpr, and HIV-1 Tat

and Rev [19]. At the DNA vaccination, animals received 5mg of
CMV-SHIVAEN DNA intramuscularly. Six weeks after the DNA
prime, animals intranasally or intramuscularly received a single
boost with 6 x 107, 6 x 108, or 6 x 10° cell infectious units (CIU)
of F(—)SeV-Gag [22,28]. Group Il and IV animals were intranasally
infected with 1 x 108 CIU of replication-competent (transmissi-
ble) V-knocked-out SeV [18,21] nine weeks before the DNA
prime.

2.2. Measurement of Gag-specific CD8" T-cell responses

We measured Gag-specific CD8* T-cell levels by flow-cytometric
analysis of gamma interferon (IFN-y) induction after specific
stimulation as described previously [9]. Peripheral blood mononu-
clear cells (PBMCs) were cocultured with autologous herpesvirus
papio-immortalized B lymphoblastoid cell lines (B-LCLs) pulsed
with peptide pools using panels of 117 overlapping peptides
(mostly 15-mer) spanning the entire SIVmac239 Gag amino acid
sequences [25] (Fig. 1) or a vaccinia virus vector expressing
SIVmac239 Gag (Figs. 3 and 4) for Gag peptide pool-specific
or Gag-specific stimulation. Intracellular IFN-y staining was
performed using CytofixCytoperm kit (BD, Tokyo, Japan) and
the following monoclonal antibodies: fluorescein isothiocyanate
(FITC)-conjugated anti-human CD4 (BD, #556615, M-T477), peri-
dinin chlorophyll protein (PerCP)-conjugated anti-human CD8 (BD,
#347314, SK1), allophycocyanin (APC)-conjugated anti-human
CD3 (BD, #557597, SP34-2), and phycoerythrin (PE)-conjugated
anti-human IFN-y antibodies (BD, #557074, 4S.B3). Specific
CD8* T-cell levels were calculated by subtracting non-specific
[FN-y* CD8* T-cell frequencies from those after Gag peptide
pool-specific or Gag-specific stimulation. Specific CD8* T-cell lev-
els less than 0.02% of CD8* T lymphocytes were considered
negative.

2.3. Measurement of anti-SeV IgG levels

The plasma anti-SeV immunoglobulin G (IgG) levels were mea-
sured by an enzyme-linked immunosorbent assay (ELISA) (Denka
Seiken, Tokyo, Japan) using whole inactivated SeV (HVJ Z strain)
particles and a peroxidase-conjugated anti-monkey IgG antibody
[29].

2.4. Measurement of anti-SeV neutralizing titers

We measured plasma SeV-specific neutralizing titers on LLC-
MK2 cells using a recombinant SeV expressing enhanced green
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Fig. 2. Experimental protocols. (A) Groups 1 and Il with intranasal F(—)SeV-Gag boost. Groups I (n=6) and Il (n=5) received a DNA prime followed by an intranasal F(-)SeV-
Gag boost. Group Il animals were infected intranasally with SeV fifteen weeks before the boost. (B) Groups Il and IV with intramuscular F(—)SeV-Gag boost. Groups Il (n=6)
and IV (n=6) received a DNA prime followed by an intramuscular F(—)SeV-Gag boost. Group IV animals were infected intranasally with SeV fifteen weeks before the boost.

fluorescent protein (SeV-EGFP) [30] as described before [26]. 2.5. Statistical analysis
We determined the end-point plasma titers required for 10-fold

reduction of SeV-EGFP infectivity compared to the negative Statistical analysis was performed by Prism software version

control without plasma (90% neutralization titer; 90% effective 4,03 with significance levels set at p<0.05 (GraphPad Soft-

concentration [ECgp]). ware, Inc., San Diego, CA). CD8" T-cell and antibody levels were
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Fig. 3. Gag-specific CD8" T-cell frequencies after intranasal F(—)SeV-Gag boost in naive and pre-SeV-infected cynomolgus macaques. Gag-specific CD8* T-cell responses
were examined by detection of IFN-y induction after stimulation by B-LCLs infected with a vaccinia virus vector expressing SIVmac239 Gag. (A) Gag-specific CD8* T-cell
frequencies (percent in CD8* T lymphocytes) two weeks after the boost in groups I and I1. (B) Comparison of Gag-specific CD8* T-cell frequencies after boost in previously
reported animals boosted with 6 x 10° of F(—)SeV-Gag (108) [31] and group Il animals boosted with 6 x 108 of F(—)SeV-Gag (108) (geometric means: 0.266% in 109 and
0.152% in 108). (C) Comparison of Gag-specific CD8* T-cell frequencies after boost in naive (group 1) and pre-SeV-infected (group 1i) animals (geometric means: 0.152% in
group I and 0.074% in group I1).
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log-transformed and compared by unpaired two-tailed t test and
Mann-Whitney's test.

3. Results

3.1. Gag-specific CD8" T-cell responses after intranasal
F(-)SeV-Gag immunization

Our vaccine protocol consists of a single intramuscular DNA
prime followed by a single boost with a replication-defective F-
deleted SeV vector expressing SIVmac239 Gag, F(—)SeV-Gag, 6
weeks after the prime. In our previous studies, macaques were
intranasally boosted with 6 x 10° CIU of F(—)SeV-Gag [28,31]. In
the present study, we attempted vaccination with lower doses,
6 x 108 CIU (1/10 of usual dose), of F(—)SeV-Gag to sensitively
examine the effect of anti-SeV antibodies on SeV-based CD8*
T-cell induction. In a preliminary experiment, we confirmed Gag-
specific CD8" T-cell induction by not only 6 x 108 CIU but also
6 x 107 CIU (1/100 of usual dose) of F(—)SeV-Gag boost in cynomol-
gus macaques (Fig. 1). Then, we examined the immunogenicity of
6 x 108 CIU of F(—)SeV-Gag in the present study.

Twenty-three cynomolgus macaques were divided into four
groups. Groups I (n=6) and Il (n=>5) received a F(—)SeV-Gag boost
intranasally whereas groups Il (n=6) and IV (n=6) received it
intramuscularly (Fig. 2). Groups II and IV were intranasally pre-
infected with SeV fifteen weeks before the boost. No animals
showed detectable Gag-specific CD8* T-cell responses at week 0,
just before the boost.

In group |, all six animals efficiently elicited Gag-specific CD8*
T-cell responses after the intranasal boost (Fig. 3A). There was no
significant difference in Gag-specific CD8* T-cell levels between the
group I boosted with 6 x 108 CIU of F(—)SeV-Gag and the animals
(n=7) boosted with 6 x 10° CIU of F(—)SeV-Gag in our previous

study[31](Fig. 3B), confirming the immunogenicity of F(—)SeV-Gag
boost at the dose of 6 x 108 CIU. In group lI, efficient Gag-specific
CD8* T-cell responses were observed in four animals except for one
(Fig. 3A). No significant difference in Gag-specific CD8* T-cell levels
was observed between groups I and I (Fig. 3C). These results indi-
cate that the intranasal boost with the lower dose (6 x 108 CIU) of
F(—)SeV-Gag can elicit Gag-specific CD8" T-cell responses even in
pre-SeV-infected macaques.

3.2. Gag-specific CD8" T-cell responses after intramuscular
F(—)SeV-Gag immunization

Five animals except for one in group Il showed efficient Gag-
specific CD8* T-cell response after the intramuscular F(—)SeV-Gag
boost (Fig. 4A). The Gag-specific CD8* T-cell levels in group III
were similar to those in group I (Fig. 4B), confirming the immuno-
genicity of intramuscular F(—)SeV-Gag boost. In contrast, group
IV macaques failed to induce Gag-specific CD8* T-cell responses
efficiently; only one of six animals induced detectable responses
(Fig. 4A). The Gag-specific CD8* T-cell levels in group IV were sig-
nificantly reduced compared to those in group Il (Fig. 4C) and those
in group Il (p=0.0302). These results indicate that the intramuscu-
lar F(—)SeV-Gag boost can elicit Gag-specific CD8* T-cell responses
efficiently in SeV-uninfected but not in pre-SeV-infected macaques.

3.3. SeV-specific antibody responses after F(—)SeV-Gag
immunization

We then examined SeV-specific antibody responses. All pre-
SeV-infected animals in groups Il and IV had similar levels of
SeV-binding antibodies in plasma at week 0, just before the
F(—)SeV-Gag boost (Figs. 5 and 6). SeV-specific neutralization assay
showed similar levels of SeV-specific NAb responses at week 0 in
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Fig. 6. Comparison of plasma SeV-specific IgG levels among groups. (A) Comparison
of plasma SeV-specific IgG levels at week 0, just before F(—)SeV-Gag boost, in groups
[land IV (geometric means: 0.199 in group Il and 0.159 in group IV). (B) Comparison
of plasma SeV-specific IgG levels at week 2, two weeks after the boost, in groups!and
111 (geometric means: 0.099 in group [ and 0.242 in group III; p=0.0234 by unpaired
t-test [p=0.0411 by Mann-Whitney's test]). (C) Comparison of plasma SeV-specific
IgG levels at week 2 in groups Il and IV (geometric means: 0.542 in group Iland 2.051
in group IV; p=0.0001 by unpaired t-test [p=0.0043 by Mann-Whitney's test]). (D)
Comparison of plasma SeV-specific IgG levels at week 2 in group I and at week —13,
two weeks after SeV infection, in groups Il and IV (geometric means: 0.285 in groups
11 and 1V; p=0.0003 by unpaired t-test [p =0.0042 by Mann-Whitney's test]).

groups I and IV (Fig. 7); the 90% neutralizing titers were 25-100
and their geometric means were 57 and 56, respectively. Thus, even
in the presence of these levels of anti-SeV NAbs, intranasal but not
intramuscular administration with 6 x 108 CIU of F(—)SeV-Gag can
efficiently elicit Gag-specific CD8* T-cell responses in macaques.

Plasma SeV-specific 1gG levels at week 2, two weeks after
F(-)SeV-Gag boost, in group [ were significantly lower than those
in group llI (Fig. 6B). The F(—)SeV-Gag boost enhanced SeV-specific
antibody responses in all the pre-SeV-infected animals. Plasma
SeV-specific IgG levels two weeks after the boost in group Il were
significantly lower than in group IV (Fig. 6C). Neutralization assay
confirmed these results; SeV-specific NAb titers two weeks after
F(—)SeV-Gag boost in group | were significantly lower than in
group Il (Fig. 7B) and those in group Il were significantly lower
than in group IV (Fig. 7C). These results indicate that intranasal
F(—)SeV-Gag vaccination induces plasma SeV-specific antibody
responses less efficiently than intramuscular F(—)SeV-Gag vacci-
nation. Finally, SeV-specific IgG levels and NADb titers at week —13,
two weeks after SeV infection, in groups Il and IV were higher than
those at week 2, two weeks after intranasal F(—)SeV-Gag boost,
in group I (Figs. 6D and 7D), suggesting less efficient induction of
plasma SeV-specific antibody responses by intranasal replication-
defective F(—~)SeV-Gag immunization than replication-competent
SeV.

4. Discussion

In the present study, we first confirmed that an intranasal boost
even with a lower dose (6 x 108 CIU, one-tenth of that in our
usual protocol) of F(—)SeV-Gag can induce Gag-specific CD8* T-cell
responses efficiently in macaques. We then showed immunogenic-
ity of the intranasal boost with this lower dose of F(—)SeV-Gagin the
presence of SeV-specific NAbs in pre-SeV-infected macaques; Gag-
specific CD8" T-cell responses were induced by the boost fifteen
weeks after SeV infection.
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Fig. 7. Comparison of plasma SeV-specific NAb titers among groups. (A) Compar-
ison of plasma SeV-specific NAb titers at week 0 in groups Il and IV (geometric
means: 5.7 x 10! in group I and 5.6 x 10! in group IV). (B) Comparison of plasma
SeV-specific NAb titers at week 2 in groups I and IIl (geometric means: 3.5 x 10!
in group I and 2.0 x 10% in group HI; p=0.0039 by unpaired t-test [p=0.0087 by
Mann-Whitney's test]). (C) Comparison of plasma SeV-specific NAb titers at week 2
in groups Ii and IV (geometric means: 5.3 x 10% in group Il and 2.9 x 10% in group IV;
p=0.0021 by unpaired t-test [p =0.0087 by Mann-Whitney’s test]). (D) Comparison
of plasma SeV-specific NAb titers at week 2 in group I and at week —13 in groups 11
and IV {(geometric means: 1.6 x 102 in groups Il and IV; p=0.0003 by unpaired t-test
[p=0.0029 by Mann-Whitney's test]).

SeV has homology in viral genome sequences with hPIV-1, aver-
aging 75% across the six viral genes [32]. Naturally acquired human
antibody responses to hPIV-1 cross-react with SeV. A recent study
investigating the prevalence of anti-SeV NAbs in humans in Africa,
Europe, United States, and Japan [33] detected anti-SeV NAbs in
92.5% subjects with a median titer of 60.6; the 50% neutralization
titers (ECsg) were measured on LLC-MK2 cells by determining the
end-point plasma titers required for 2-fold reduction of SeV-GFP
infection. The majority had titers less than 1000 with 71.7% less
than 100. Therefore, it is inferred that, in more than 70% of people,
anti-SeV NADb titers are no more than those observed just before
the F(—)SeV-Gag boost in groups Il in the present study. Although
it remains unclear whether an intranasal immunization with the
lower dose (6 x 108 CIU) or the usual dose (6 x 10° CIU) of SeV vec-
tor can work in those with 50% anti-SeV NAD titers of 100-1000,
these results imply the potential of SeV vector to induce CD8* T-cell
responses even in humans.

SeV vector has been used for gene transfer and efficient gene
expression by its intramuscular inoculation has been shown in
multiple studies [34-36]. While the immunogenicity of intramus-
cular SeV vector inoculation has not been determined, the present
study, for the first time, has confirmed the potential of an intra-
muscular F(—)SeV-Gag boost to induce Gag-specific CD8* T-cell
responses efficiently in SeV naive macaques. Interestingly, how-
ever, the intramuscular boost failed to elicit Gag-specific CD8*
T-cell responses efficiently in pre-SeV-infected animals, indicat-
ing that both intranasal and intramuscular SeV administrations can
induce antigen-specific CD8" T-cell responses equivalently in the

absence of anti-SeV antibodies, whereas intranasal SeV vaccina-
tion is more immunogenic than intramuscular in the presence of
plasma anti-SeV antibodies. These results possibly imply higher
sensitivity of intramuscular SeV inoculation to plasma SeV-specific
NADb responses, which may reflect the difference in the route and
the mechanism for antigen presentation by intranasal and intra-
muscular SeV vector immunization in vivo. SeV-specific IgA was
detectable in nasal swabs at week 0 in four of five group [l macaques
(except for macaque C00-058) (data not shown), although we were
unable to quantify the IgA levels. Mucosal immune responses are
considered important for protecting viral infection via the upper
respiratory tract [37-39], but those mucosal responses at week 0
in group II did not significantly diminish CD8* T-cell induction by
intranasal F(—)SeV-Gag boost in the present study.

This study showed less efficient induction of SeV-specific anti-
body responses by intranasal F(—)SeV-Gag immunization than
intramuscular. Indeed, plasma SeV-specific IgG or NAb levels
even after intranasal replication-competent SeV infection (at
week —13 in groups I and IV) were not more than those after
intramuscular replication-defective F(—)SeV-Gag boost (at week
2 in group II). Our resuits also indicated less efficient SeV-
specific antibody induction by intranasal replication-defective
F(—)SeV-Gag immunization than replication-competent SeV. Thus,
intranasal SeV vector immunization may not induce plasma anti-
body responses efficiently. However, intranasal immunization with
replication-defective F-deleted SeV vectors would be advantageous
for repeated vaccination toward antigen-specific CD8" T-cell induc-
tion.

In summary, our results indicate that both intranasal and intra-
muscular SeV administrations are equivalently immunogenicin the
absence of anti-SeV NAbs, whereas intranasal SeV vector vaccina-
tion is more immunogenic than intramuscular in the presence of
anti-SeV NAbs. This study implies the potential of intranasal SeV
vector vaccination to induce CD8" T-cell responses even in humans.
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Abstract

Induction of durable cellular immune responses by vaccination is an important strategy for the control of persistent pathogen infection. Viral
vectors are promising vaccine tools for eliciting antigen-specific T-cell responses. Repeated vaccination may contribute to durable memory T-
cell induction, but anti-vector antibodies could be an obstacle to its efficacy. We previously developed a Sendai virus (SeV) vector vaccine and
showed the potential of this vector for efficient T-cell induction in macaques. Here, we examined whether repeated SeV vector vaccination with
short intervals can enhance antigen-specific CD8" T-cell responses. Four rhesus macaques possessing the MHC-T haplotype 90-120-Ia were
immunized three times with intervals of three weeks. For the vaccination, we used replication-defective F-deleted SeV vectors inducing CD8* T-
cell responses specific for simian immunodeficiency virus Gagage—216 and Gagoay—240, Which are dominant epitopes restricted by 90-120-Ia-
derived MHC-I molecules. All four animals showed higher Gagge_»6-specific and Gagay;_o40-specific CD8™ Tocell responses after the third
vaccination than those after the first vaccination, indicating enhancement of antigen-specific CD8" T-cell responses by the second/third SeV
vector vaccination even with short intervals. These results suggest that repeated SeV vector vaccination can contribute to induction of efficient
and durable T-cell responses.
© 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Antigen-specific T-cell responses play a central role in the
control of persistent infection with pathogens such as human
immunodeficiency viruses (HIVs) [1—7]. Induction of efficient
and durable T-cell responses is an important vaccine strategy,
and recombinant viral vectors are promising vaccine tools for
antigen-specific T-cell induction [8]. Many kinds of viral
vectors including adenovirus (AdV) and poxvirus vectors have
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been shown to efficiently induce antigen-specific T-cell
responses [9—14]. Repeated viral vector vaccination may
induce enhanced and durable memory T-cell responses. Viral
vector vaccination, however, elicits antibodies against the
vector virus itself, which could be an obstacle to the potential
of repeated viral vector vaccination [15].

We previously developed a vaccine system using Sendai
virus (SeV) vectors to induce antigen-specific T-cell responses
[16,17]. We have replication-defective (nontransmissible) F-
deleted SeV, F(-)SeV, as well as replication-competent SeV
vectors [18,19]. In our recent study [20], intranasal immuni-
zation even with a lower dose (6 X 10® CIU [cell infectious
units]) of F(-)SeV vectors in SeV-infected macaques effi-
ciently elicited antigen-specific CD8™ T-cell responses in the
presence of SeV-specific neutralizing titers of 1:50—1:100.
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Intramuscular F(-)SeV vector immunization can also induce
antigen-specific CD8" T-cell responses efficiently in the
absence of anti-SeV neutralizing antibodies, but intranasal F(-)
SeV vector vaccination is more immunogenic than intramus-
cular in the presence of anti-SeV neutralizing antibodies.

Thus, repeated intranasal SeV vector immunization may
have the potential to overcome anti-SeV antibody responses
and induce more efficient and durable T-cell responses than
those by single immunization. Our previous analyses in
macaques [21] showed efficient antigen-specific CD8' T-cell
induction by an intranasal immunization with 6 x 10° CIU of
F(-)SeV vectors more than one year after an initial SeV vector
inoculation, indicating the immunogenicity of repeated SeV
vector vaccination with long intervals.

In the present study, we investigated whether repeated SeV
vector vaccination with short intervals can enhance antigen-
specific CD8" T-cell responses. Macaques received SeV
vectors intranasally and intramuscularly at the second and the
third vaccination at weeks 3 and 6 after the first intranasal SeV
vector vaccination. While clear difference in immunogenicity
was not shown between intranasal and intramuscular SeV
vector administration, all the animals exhibited higher antigen-
specific CD8™" T-cell responses after the third vaccination than
those after the first. Our results indicate that repeated SeV
vector vaccination even with short intervals can contribute to
induction of efficient, durable T-cell responses.

2. Materials and methods
2.1. Animals

The animal experiments were conducted through the
Cooperative Research Program in Tsukuba Primate Research
Center (TPRC), National Institute of Biomedical Innovation
with the help of the Corporation for Production and Research of
Laboratory Primates. All animals were maintained in accor-
dance with the guidelines for laboratory animals of the National
Institute of Infectious Diseases and TPRC. Blood collection
and vaccination were performed under ketamine anesthesia.

In the present study, we used four Burmese rhesus macaques
possessing the major histocompatibility complex class I (MHC-
I) haplotype 90-120-1a [22]; those 90-120-Ia-positive macaques
are known to dominantly elicit SIVmac239 Gagsgs-216
(JINEEAADWDL) epitope-specific and Gagay;-249 (SSVDE-
QIQW) epitope-specific CD8" T-cell responses after SIV-
mac239 challenge [23,24]. In our previous study [25—27], these
four macaques were challenged with SIV after vaccination and
controlled SIV replication in the chronic phase as follows.
Macaque R04-016 received a prophylactic prime-boost vaccine
eliciting single Gag,y;_o49 epitope-specific CD8" T-cell
responses before SIVmac239 challenge [26]. Macaque R04-015
received a prophylactic prime-boost vaccine eliciting Gagpg—216
epitope-specific and Gagas; 249 epitope-specific CD8* T-cell
responses [27,28]. Macaques R06-015 and R06-035 received
a prophylactic DNA prime/F(-)SeV-Gag boost vaccine [25].

Macaques R04-015, R04-016, and R06-015 contained a chal-
lenge with SIVmac239 [29] approximately 3 months after the

boost and a superchallenge with a mutant STVmac239 carrying
five gag mutations, SIVmac239Gag216S244E2471.312V373T,
in the chronic phase (at week 40 [R06-015] or 116 [R04-015 and
R04-016] after STVmac239 challenge) [27]. Macaque R06-035
was challenged with a mutant SIVmac239, SIVmac239-
Gag216S244E, carrying two gag mutations, Gagl216S and
GagD244E leading to a leucine (L)-to-serine (S) substitution at
the 216th amino acid and an aspartic acid (D)-to-glutamic acid
(E) substitution at the 244th in Gag [25]. These mutations result in
escape from Gagsge—216-Specific and Gagsy;_o49-specific CD8™
T-cell responses. In this animal that failed to control the mutant
SIV challenge, persistent viremia was observed for 8§ months, but
after that, plasma viremia became undetectable.

2.2. Vaccination

In the present study, macaques R04-015, R04-016, R06-015,
and R06-035 received an intranasal F(-)SeV-Gag vector vacci-
nation (referred to as the first vaccination) at weeks 128, 128, 52,
and 67 after SIV challenge, respectively. At the second and the
third vaccination, we used two kinds of F(-)SeV vectors, F(-)
SeV-Gagygr—216-EGFP  expressing Gagogr—»16-EGFP fusion
protein and F(-)SeV-Gag216S expressing SIVmac239 Gag with
a mutation leading to escape from Gag,gs_» s-specific CD8™ T-
cell responses [23], for eliciting Gagops—2;6-specific and
Gagoy)o490-specific CD8' T-cell responses, respectively
(Fig. 1). The F(-)SeV-Gag216S is considered not to induce
Gagope_216-specific CD8™ T-cell responses, because challenge
of macaques with a SIV carrying this Gag216S mutation
induced no Gagsge—ar¢-specific CD8T T-cell responses in
aprevious study [25]. Macaques R04-015 and R06-035 received
F(-)SeV-Gag,,—2,6-EGFP intranasally and F(-)SeV-Gag216S
intramuscularly at the second vaccination three weeks after the
first. At the third vaccination three weeks after the second, these
animals received F(-)SeV-Gag216S intranasally and F(-)SeV-
Gagyp—216-EGFP intramuscularly. On the contrary, macaques
R04-016 and R06-015 received F(-)SeV-Gag216S intranasally
and F(-)SeV-Gagygr—»1¢-EGFP intramuscularly at the second
vaccination and F(-)SeV-Gagygr—»14-EGFP intranasally and
F(-)SeV-Gag216S intramuscularly at the third. The dose of each
vaccination was 6 x 107 cell infectious units (CIU). During the
observation period in the present study, plasma viremia was
undetectable in all four macaques.

2.3. Measurement of antigen-specific CD8* T-cell
responses

We measured antigen-specific CD8" T-cell frequencies by
flow-cytometric analysis of gamma interferon (IFN-y) induc-
tion after specific stimulation as described previously [21,27].
Peripheral blood mononuclear cells (PBMCs) were cocultured
with autologous herpesvirus papio-immortalized B lympho-
blastoid cell lines (B-LCLs) pulsed with 1 pM Gagspg-216 OF
Gagps1 249 peptide for Gagaps—216-specific or Gagoa)—2a0-
specific stimulation. For SeV-specific stimulation, PBMCs
were cocultured with B-LCLs infected with SeV. Intracellular
IFN-y staining was performed using CytofixCytoperm kit
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