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Fig. 5. mTNF-K90R induced mucosal IgA and IgG responses against influenza virus HA in mice. BALB/c mice were immunized intranasally with HA together with 1 ug CTB or 5 ug
mTNF-K90R. One week after the last immunization, HA-specific IgG in serum at a 1:500 dilution and IgA in nasal or saliva at a 1:8 dilution were assessed by ELISA at a 1:8 dilution.
Data represents the mean of absorbance 450 nm (reference wavelength, 655 nm). N.D; not detected. Data are presented as means + SEM (n = 4-6; *P < 0.05, **P < 0.01 versus value

for HA alone treated group by ANOVA).

due to the presence of a specific receptor, GM1 ganglioside, which is
highly expressed in neuronal tissue [20]. This neurotoxicity has
severely restricted the use enterotoxins as adjuvants for mucosal
vaccines in clinical practice. To evaluate the in vivo toxicity of mTNF-
K90R, inflammatory response and tissue injury were assessed in the
nasal tissue (Fig. 7). Tissue sections of the nasal cavity were prepared
at various time points after immunization of OVA plus mTNF-K90R.
However, no tissue injury could be detected in any of the sections.
These observations indicate no membrane barrier disruption and/or
inflammatory changes, not even after 2 h single immunization with
5 ng mTNF-K90R (Fig. 7A and B). Furthermore, increasing the dose of
mTNF-K90R given intranasally from 1 pg to 25 pg did not seem to
have an adverse effect on the mice after three immunizations (Fig. 7C
and D). Thus, although further evaluation is required, the results of
this initial study demonstrated that the toxicity of mTNF-K90R is
likely to be relatively low.

4. Discussion

In this study, we examined the mucosal adjuvant activity of
mTNF-K90R and showed that intranasal co-administration of
mTNF-K90R with antigen strongly induced both antigen-specific
IgG in serum and [gA at mucosal site (nasal cavity, oral cavity,
vagina and intestine). The enhanced adjuvant effect of mTNF-K90R
might be caused by improved bioactivity and protease resistance
compared to WTNF-o. Although mTNF-K90R showed a potent
adjuvant effect on mucosal immunity, it does not elicit excessive
inflammatory symptoms, such as formation of edema or fibrosis.
Therefore, we believe that mTNF-K90R is a potent mucosal adju-
vant for vaccines against various infectious diseases.

FITC-OVA

The development of a safe and effective vaccine is critical in
preventing the spread of influenza virus. It is generally thought that
or anti-influenza virus-neutralizing antibody must be induced at
mucosal surfaces in order to prevent influenza virus infection.
Previous studies also reported that antigen-specific systemic IgG
and mucosal IgA Abs have potentially important roles for protec-
tion against the influenza virus [21,22]. Therefore, our results
suggest that mTNF-K90R might be a superior mucosal vaccine
adjuvant against infectious diseases caused by influenza virus.

TNF-a is anticipated to be used as a therapeutic drug to treat
cancer. TNF-a has been used clinically for the treatment of non-
resectable high-grade sarcoma and melanoma by locoregional
applications in combination with melphalan under the approval of
the European Agency for the Evaluation of Medicinal Products
because systemic administration of TNF-a. at therapeutically effec-
tive doses is limited by its unacceptable toxic side effects [23,24].
Further, in a recent report, it has been suggested that TNF-a had the
potentials of the genetic toxicity, because TNF-a caused DNA damage
through its ability to induce reactive oxygen species [25]. Thus, it is
important to examine the safety of mTNF-K90R in a protocol using
a mucosal vaccine adjuvant. Previously, we reported that mTNF-
K90R had 1.3-fold lower in vivo toxicity after systemic administra-
tion compared with that of wINF-a because of a change in the
pharmacokinetics. Similarly, no adverse effect on the nasal mucosa
was observed in this study after intranasal administration of mTNF-
K90R. Although detailed examinations are required, mTNF-K9OR is
expected to be a useful mucosal vaccine adjuvant. Furthermore, we
have shown that conjugating cytokines with polyethylene glycol
(PEG) improves their safety in vivo [17,18,26-28]. We have also
developed a novel site-specific PEGylation process to overcome the

FITC-OVA plus mTNF-K90R

Fig. 6. Localization analysis of OVA in NALT. BALB/c mice were administered 50 pg FITC-OVA and a combination of 5 pg mTNF-K90R as a nasal vaccine adjuvant. Frozen sections of
NALT resected from mice treated with FITC-OVA alone (A) and a combination of mTNF-K90R (B). The FITC-OVA (green) signals were detected by fluorescence microscopy. The
nucleus was counterstained using PI (red). The original magnification of these photographs was 20x.
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mMTNF-K90R (5 pg)

mTNF-K90R

OVA

5 ug

Fig. 7. Histopathological analysis of nasal cavity treated with mTNF-K90R. Frontal cross-sections of the nasal cavity from mice, taken 2 h after administration (A, B) or one week
after three times administration of PBS, OVA alone, and OVA together with 1 pg, 5 pg or 25 pg mTNF-K90R (C, D). An overall view of the nasal passage is shown in (A) and (C). The
region of nasal olfactory epithelia is shown in (B) and (D). Sections were prepared and the tissues were stained with H&E to assess the degree of tissue injury and local inflammation.

problems of PEGylation [17,18,26,28]. Previously we showed that the
application of this technology to mTNF-K90R improved the safety
and the anti-tumor effects of mTNF-K90R [18]. We are currently
examining the safety and efficacy of site-specific PEGylated mTNF-
K90R as a mucosal vaccine adjuvant.

The effects of mTNF-K90R at mucosal tissue was also analyzed.
We reasoned that the adjuvant effect of mMTNF-K90R may be related
to its stimulation of antigen-presenting cells, such as DC. Indeed, DC
plays a crucial role in eliciting T cell-dependent immunity. TNF-2 is
known to have profound effects on DC function and contributing to
their activation, maturation and migration to, and accumulation
within, draining lymph nodes [29,30]. Moreover, DC stimulated by
TNF-a prior to anti-tumor vaccination or transfection with the TNF-
o gene are reported to induce anti-tumor immunity [14,15].
However, we found that mTNF-K90R significantly enhanced the
permeability of the nasal epithelial layer and diffusion of antigen
into NALT. Consistent with our results, some reports have shown
that TNF-a causes an increase in intestinal permeability [25,31].
Taken together, these results suggest that the strong mucosal
adjuvant activity of mTNF-K90R is caused, at least in part, by
increased epithelial permeability. In addition, TNF-o. causes up-
regulation of human polymeric Ig receptor on mucosal epithelial
cells [32]. Polymeric Ig receptor transports polymeric IgA into
external secretions as secretory IgA, which is critical for the defense

of mucosal tissues [33]. We believe that multiple actions of mTNF-
K90R contribute to its potent adjuvant activity. Currently, we are
attempting to elucidate these various mechanisms.

Induction of both Th1- and Th2-type responses is the major goal
for the development of mucosal vaccines because these responses
would provide protective immunity against viral and bacterial
infections by maximizing antigen-specific Ab and cytolytic T
lymphocytes (CTL) responses. Although mTNF-K90R is not likely to
induce CTLs, it could efficiently induce Abs responses. To induce both
antigen-specific Ab and CTL responses, combinatorial administra-
tion of mTNF-K90R with another mucosal adjuvant, which can
induce Th1-type immune responses, is applicable. We have already
screened the TNF superfamily and other cytokines and succeeded in
finding candidates that can effectively induce CTL at the mucosal
site. The combinatorial effect of the cytokines and mTNF-K90R as
a mucosal vaccine adjuvant is now under examination.

Recently, vaccine therapy has been attempted not only to
combat cancer or viral infections but also for other diseases such as
Alzheimer-type dementia. Schenk et al. demonstrated that intra-
peritoneal vaccination of f-amyloid peptide plus Freund’s adjuvant
to a murine Alzheimer’s disease model resulted in a dramatic
reduction of cerebral amyloidosis [34]. This therapeutic approach is
clearly efficacious; however, the safety of this strategy is of para-
mount importance. In a clinical trial, approximately 6% of patients
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administered a synthetic f-amyloid peptide plus adjuvant devel-
oped aseptic meningoencephalitis, most likely mediated by brain-
infiltrating activated T cells [35,36]. This adverse effect seemed to
be associated with the activation of Th1-type immunity by vacci-
nation with pf-amyloid peptide [37,38]. Nikolic et al. demonstrated
that immunization capable of inducing Th2-type immunity
predominantly constitutes an effective and potentially safe treat-
ment strategy for Alzheimer's disease [39]. Therefore, our
mTNF-K90R is a promising development in the establishment of an
easy-to-use, efficacious, safe immunotherapy for Alzheimer's
disease. However, further analyses are necessary in order to eluci-
date the Th2-dominant mechanism of mTNF-K90R.

5. Conclusions

In summary, our study showed that mTNF-K90R, engineered by
using a phage display technique, induced two layers of protective
immunity when administered intranasally with a vaccine antigen.
Our results indicate that mTNF-K90R is a safe and effective mucosal
adjuvant. Additionally, our technique of creating bioactive mutant
cytokines might be an attractive generic approach for designing
novel mucosal adjuvants.
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Appendix

Figures with essential color discrimination. Figs. 6 and 7 in this
article may be difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.07.009.
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Application of Bioactive Mutant TNF Alpha to a Mucosal Vaccine Adjuvant

Hiroyuki KAYAMURO,%? Yasuo YOSHIOKA,%< Yasuhiro ABE,” Haruhiko KAMADA, &<
Shin-ichi TSUNODA,%# and Yasuo TSUTSUMI* %8¢
“National Institute of Biomedical Innovation (NiBio), Laboratory of Pharmaceutical Proteomics (LPP),
7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085, Japan, *Graduate School of Pharmaceutical Sciences,
Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871, Japan, and <The Center
Jor Advanced Medical Engineering and Informatics, Osaka University,
2-2 Yamadaoka, Suita, Osaka 565-0871, Japan

(Received August 29, 2009)

A large number of emerging pathogens, such as severe acute respiratory syndrome (SARS), human im-
munodeficiency virus (HIV), and influenza virus are mucosally transmitted and must cross mucosal barriers to infect the
host. Thus, to induce a maximal protective effect, it is desirable to apply vaccines by the mucosal route where virus infec-
tions start. Mucosal vaccines administered either orally or nasally have been shown to be effective in inducing antigen-
specific immune responses at both systemic and mucosal compartments. However the mucosal antigen-specific immune
response is weak because most protein antigens can evoke only a weak immune response when they are applied mucosal-
ly. Therefore, one strategy to overcome the weakness of the immune response is a co-administration of mucosal ad-
juvant with the vaccine antigen. Unfortunately, the development of safe and effective mucosal adjuvant has proved to be
challenging. Cytokines are promising adjuvants because they are human-derived safe material and display potent im-
mune-modulating functions. In this regards, we have created a mutant tumor necrosis factor-a (TNF—a), mTNF-
K90R, that exhibits high bioactivity and resistance to proteases. In this report, we examined the potential of mTNF-

K90R as a mucosal adjuvant and evaluated its effectiveness and safety.

Key words——adjuvant; cytokine; mucosal vaccine; mutant protein; phage display
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KEDEFINTWSA, I EMEREIcHR
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HIV 72 E4 < DA )L A DREG 7T T d 5 K5
BT RERZTHFETERNWZ EHAI5N TN
5. ZORD, FRBEEET LTIV ZITHLT,
B—RONY Y LI REEICHE L U1 IV AH
R A 72 GIE A B TRE R F 2T 7 F D
BESHHEINTNDS. 2 KERITBNT, E4E,
TAINADHREGREE EEW L o F
BEEELT, HiEZREENICRG T 20 F >
BT F ) NEEHZEDTWS, ¥ED I F
3, 2EHOREOR ST, RROTEFHIZLS
TOFUTIIFETHIENKHEINTEZ, K
T T DR S 2 A8 fETH D L, VI F
DRI EREE T 2L LR WIHR RS
FEERTZESRE, FITHBANTVF L ELT
B OFRAEAHEFEINTWS (Fig. 1).Y L L,
KT 7 F > TiE, PURZEMTHRS L TH ok
GEEFETDLIEMNTEY, REHEERE (7o
N B) EDOFHEGNBEARRRTH S Z EHH
OEMETROTWVND, 4D ZTNETIZ, BIE7 P a0\
MELT, I 5%% (Choleratoxin:CT) ®K
B 5 8 #E 3 (heat labile toxin : LT) Dk A%
RASNTEE. LhL, IhoMiEEREREkRkDY
TaNy M, BEERCEEEICBWTENK
EY PanNY MIREZRETHHOD, HRRRE
(Bell’s palsy) 72 EQEEREMERAZET A2 LN
BHoMERSTZ, FE, LTZ272aNhMELT
M, &A1 TINVIYRELLT 7 F > OHEIR
AMEBRICBWTIE, U7 F B & SRR & O

Vaccine antigens
4™

"'f“ “ Capture of virus particles in
mucosal surface”

(f it IgA Abs
)
0

1. Induction of the mucosal

IgA Abs responses . il
O, Y ©
2. Induction of the systemic Y \v; E \be 1gA-producing cells
IgG Abs responses I B

“ Neutralization of virus in
systemic compartment™

Fig. 1. Mucosal Vaccine Strategy
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1213, KRR I ND Y 2N HREE RS &
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DFRYTAZY RNTIFIANESTRLDDH
5. TORYD, BN DRERIIF T VN>
~EEFEIE, KHEROT I FUOBERBORNORERES
REZHESL GEREINTWS, Ehok DI,
RET 7 F D BFEICIE, @YIRKEY 22N> ks
WARERDZHOD, W INETHTFIZODRERTY
AN MIEORESBEL <, WX, KEGER
BIEME E RN OMBEREZTR LT P a2 M
FEL W,

FZT%3, mTINF-K9OR O} T 7 F > 7 ¥
AN RELTOWEESEEZES 2D, EF VIR
(ZU MUBIATIVT I OVA) 200 F &L
THW, mTNF-K90R & & 311277 2R Sy
L7256 D OVA R IR EAREZFM L 7=, =
DFER, OVA ZBMTHEG LAHEIZE, MmiEH
TO OVA KRN IgGC HADFEMNTIEALERD S

Phage display techniques

sequences in place of the six lysine codons.

E\ phage library displaying mTNF-s with randomized]

mTNF-K90R; mutant TNF-a with a stronger
bioactivity and longer plasma half-life.

Screening full bioactive proteins from 100 million clones.

Fig. 2. Creation of a Lysine-deficient Mutant TNF-a (mTNF-K90R) by Using the Phage Library Technique

Table 1. Amino Acid Sequence and the Biological Properties of mTNF-K90R

Residue positions

5k AUC LCs LDs

1 65 90 08 12 (% 103 ng-min/ml) (ng/ml) (ug/ml)
wTNF K K K K K 7.44 28+2 0.17 390
mTNF-K90R A S R A L 4.96 6217 0.03 510

pl: isoelectric point, AUC: area under the blood concentration time curve, LCsq: lethal concentration 50.
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NBM-o=DITHH L T, wINF 25 L=~
TARBNWTIE, OVA FRPUAPEE DR X N
TWw/z. X512, mTNF-K90R 4% 517 X 2 HiJ&
B 1gG OiFE L, WINF O 5 LR THEE
WHBINTHY, MBEREHEEEICEN-OL
SERWMKS (CTB) LREEDY VaN> b
EMEZE2AELTLTWE [Fig. 3(A)]. %7, mTNF
-K9O0R [T X D FE I /= OVA R IgG HifkH
T IXEMITLIZEZA, 1gGa DFEHBITIFEA
ERDOENT, 1gGl EIRTUEKEENED 5N
ZEMS, 2BIA)LN—THIKE (Th2) KEMICH
FEAZBE®RLEZDDEEZ 50/, KIZ, OVA
& mTNF-K90R Zff fi#% G L /=<7 2 5 EITL
oS R, REVEVR, EEMH®BICIBITS
OVA FrHH) IgA PEAEZFIM L 7=, T OHEE, OVA
B 58 & bhls U C wTINF pER GBI 0T,
OVA KB IgA OFFENHEL T/, /=,
mTNF-K90R ff i 5 # T, ZO#hHEATE A
ELTHED, BE5REATHDEMBEmOHRS5T,
BERUOEE WS ZEBOMBEmHIZBNTS,
mTNF-K90R (T KX B HE T 7 F > %) R D H 5k A3 3R
oMz [Fig.3(B)]. AEOKE LD, mTNF-
K9OR X, T 7 F > Huli K B 09 7 UK 2 kG B i
(IgA) &2 5MH (1g0) IKHRIFBAFETH D,
ENMBET P aNS MRV EBSZ EARBIN
J=. FZ T#Hi\W T, mTNF-K90R Iz X 3 Hi5 4R
HI%REHERT 2T T 2HMNT, ERIKICRE
LA 5 MMiazZEINL, OVA RRMY1
N A > PEAERE % ELISPOT 7 vt 12 TEEfi L

A OVA specific 1gG
PBS |N.D.

OVA H

OVA plus CTB (1 pug)

OVA plus wTNF (1 pg)

OVA plus mTNF-K90R (1 ug)

OVA plus mTNF-K90R (5 ug)

0 0.2 04 0.6

ODm-GSE

f=. ZFO#EE, mTNF-K90R # 5 < ™7 Z [l g »
IFN-y OFEAX, OVA B 5.8 S RIEETH -
DR U, IL-4 OPEAIT OVA HMFREHD 6
f& E7z, WINF & LZBBRITBNTH, B
KZ3IEEAICFEIN TV ULEOBERELD,
mTNF-K90R {Z X B KEE Y 2 2 /N > MEME O 154
i3, PURRFRM IL-4 OMEAZ FEERE L7 Th2 4K
FRGEINEDBEIRICE DS BDOTH B I ENHS
MmEMo7z. X512, mTNF-K90R D ¥5fE T 77 F
ST TVaNYRNELTOREEZHET 5 HMT,
B G RFTEALIC BT 5 MRk =M R O RE MR
HORE ZREHK NIRRT Uz, TOE, K
Y P anNY MR EFHET 50 ERFZGED
25 fE L OBFEZEREES LHBITBNTD,
mTNF-K90R @ & kE A& - R THEEF L2
<EOLoNhok. UEORZRET S &,
mTNF-KO0R &, 5 5t Ok IC @t 2R
Z &L, PURK R 7 50sZ IR % % 50 15 n] B
THY, BENDNRAHMILT 22N> MZ/RD
BrboLFans.

4. TAINREEHEL LIEMEBRE TNFZE
ORI
BiTORIUAET I F 03, HARBRPERERIC
ROTEEIN, mEFICBT 3 1gG Fikicma
T, BEKEIICIBWT IgA FUAEEZFET S
ZEiTkD, hBORREFILZIREZRET .12 2
DRVFET T F 2 ORNFEFIZRS W, JEET
i, FPRUEKEZNLUTERET ST 7NV 2T
AIVACIBE - MR Z L TERT 2 HIV &

B OVA specific IgA
PBS
OVA

OVA plus CTB (1 pg)

0 —z
U p

OVA plus wTNF (1 pg)

OVA plus mTNF-K90R (1 pg) |

OVA plus mTNF-K90R (5 ug)

T T T
0 04 08 1.2

OD 50655

Fig. 3. Serum OVA-specific IgG Abs and Mucosal OV A-specific IlgA Abs Response after Nasal Immunization with OVA Plus Ad-

juvant

BALB/c mice were intranasally immunized with OVA alone, OVA plus CTB, OVA plus wTNF-a or OVA plus mTNF-K90R once a week for three consecutive
weeks. Serum and nasal washes were collected 1 wk after the last immunization and analyzed by ELISA for OVA-specific IgG (A) ata I : 100 dilution of serum and
OVA-specific [gA (B) ata 1 : 8 dilution of nasal washes. Data represents the mean of absorbance 450 nm (reference wave, 655 nm). N.D.: not detected. Data are
presented as means+S.E.M. (n=7; *p<C0.05, **p<{0.01 versus value for OVA alone treated group by ANOVA; #p<0.05, ##p<0.01 versus value for OVA plus
WTNF-q treated group by ANOVA).
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O T KRR B A VA ZRER E LT, KET 2
FUMBACHREEIN TS, 139 UL, Gtk
LEEMICENET P aNS MREELEWI &
N, WD 7 F R EHEHET S ETOHRER &
RoTHED, TOMA, bhbhMEICAIHL -
mTNF-K90R |3, ZOXL57/aMESZTRL, ¥
Y P aN FEHEOT L —2 AN —RR52HDE
HfFxn5. #Z T, mTNF-K9OR ®O 7 JL AT
DF>T7aNyRELTOENEZBIET 5 HB
T, 1>7NVZHFI1)L A (HINL: AV EE)
DODHAY NZE, kU, HIV-1 ZT>XO—7%
UINIDBETH D epl20 2T 0 F UHIEEL T,

mTNF-K90R 12 & % 7 1 )L A iR R AP AEH
HEZFHl L /=, TO/E, HAY XNV HEEEDIZ
mTNF-K90R # R &H G5 L7 2TV T

HA ¥ >NV BB TEREL YU A KT, CTB
EORBG Lo X Ltk LT, miEHIcHiTs
HA F R 1gG PEAE, WO S st s, MR
HFIZBIT 5 IgA EA L HITHEML T/ [Fig. 4
(A)]. &7z, gpl20 2T 7 F PR ELTHWE
BEIZBWTH, mINF-KOR IZ Lk Bk Y ¥ o
N> RRRBBH SN, EHWHE KR & BICHUE
BEMPUARZFEEMTRETH > = [Fig. 4(B)].

A

Serum IgG

PLED#EERXYY, mTNF-K9OR 1%, > 7)) T
HFo HIV 25D &9 5 71 )L ZEHYE T B 12 H
9, ENHED 2 F 7 aN MRV ESD
DEEZBNS.

5. &HYIC

2009 HINI WA )V AWC KB INF I v 71Tk
W, BKOBEMENFOERST, UIF R
MRy FTHEDSNTWAS, L, HEE,
FDA CKEEZEFHEMF) MWKBLTWD T F
CEUEETIE, DO F o 0REIZ4-6 n ADDEM
MELEEL, 7D, FORKBENEEEIND &
M5, NNOFI v I REBICLERERBEEZE
ST ERBBERTETH D, Lo T, Dlangl
JRETO 7 FUHREREI R RTNIRST, %
BINEERZBTT D0, 7YVanNrbED
RS PNAEERDTL S, 19 TNETHETHED
7Y aNY M bhhb 5T, 25%5H0Y
PaNY I THD Alum GKEELT IV I =7 A7)
NME—KETERREINZITTES, BE7 N>
NMIEETHD., ZOXIBERERNS, SFHEOKE
77 F 2 DEREE—EOERICHENT TORKDH
X, BREMEAEDIEOHMEDONS > A ITENLT P
aANFOMREIZHDHEF A D, AFTIE, TNF-

Saliva IgA Nasal wash IgA

HA D’l
HA plus CTB (1 pg) l—h

0 10 20

ODlmBS

Nasal wash IgA

Gp120 only

Gp120 plus CTB( 1 pg)

Gp120 plus mTNF-K0R( 1 pg

Gp120 plus mTNF-K9OR( 5 pg)

OD 450,655

Fig. 4. mTNF-K90R Induced Mucosal IgA and IgG Responses against Influenza Virus HA or HIV-1 gp120 in Mice

In influenza studies, BALB/c mice were immunized intranasally with HA together with 1 ug CTB or 5 ug mTNF-K90R. One week after the last immunization,
HA-specific IgG in serum at a 1 : 500 dilution and IgA in nasal or saliva ata 1 : 8 dilution were assessed by ELISA at a 1 : 8 dilution. Data represents the mean of ab-
sorbance 450 nm (reference wavelength, 655 nm). N.D.; not detected. Data are presented as means+S.E.M. (n=4-6; *p<{0.05, **p<C0.01 versus value for HA
alone treated group by ANOVA) . In HIV studies, BALB/c mice were intranasally immunized with gp120 alone, gp120 plus CTB, or gp120 plus mTNF-K90R once
a week for four weeks. Serum and mucosal secretions were collected 7 days after the last immunization and analyzed by ELISA for gp120-specific IgA in 8—fold
diluted nasal wash or vaginal wash. Data are presented as mean+S.E.M. (n=6; *p<0.05).
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a®FMEL THIH L7~ mTNF-K90R Q¥ 7 ¥
aNy hELUTOBARREMEICET 2RI LD,
)mTNF-K90R 73, 77 F > HEHRNHEKDH
EARER - 2HE & DICHEMTETHB 2L, 2)
mTNF-K90R O #% 5 BB Tdh 2 BMEREIZH
WT, BWELWERERET S5 Z &, 3)mTNF-K90R
B, 17T oI AR HIV Ens A
WAGURIZH LT, FURREROTUERZMER -2
BHOMECNELLSFETLZEMNHSMhELRD,
mTNF-K90R {2 R e E A EIEtE s w2t oW H
DINT R EITENRRE Y P o Mgz
ATHLEEA%. £/, mTNF-K90R % #% 850
FYaNELTHERALZES, HikELA2TEHR
ETHERIRMEGEEFET D AL T3S,
UL, HIVIZE ST )L AR Z R HH
T520KE, KEEREDOARST, Miatkag
EODRISHEETHIENEEERSTL S, 19
ZOXSBERNG, BRE, MRGRESEECE
N1 b ORRICBEFLTHED, HiFEKE
R IgA Hifk & MHC class I # 5 {# ® CD8*CTL
FEEEDITWHETBY M OREI DRI
LTWa, LEN-T, 4% BEENEZZYA
WWARBIZIS U TEYIRY A M1 28R hiE,
R R H S WM RZEORE 2L IZHH
THIEMARELRD, ERDAUNDORLIIKEE
T F O PREBIEIIDANEbDEMEINS. F
k—HT, FEETIF AT LEREEO AR
5, ARG TFIINTAHAFEEHTSZ &
NTENE, FERBRFEENHLEEEZELD
ha, Bz, U1 hhaicndpEEHEKZE
FEiCHFETENL, Y1 MU 2 OBBIEENRE
RO L2 QBB RERBOFRBFRITRD
HHELHFEEINDS, BRI HETHSA, &
Wz, LBEBOD D F 8L 55 WGk HEER
HEEDBWVIREHLWEETE - AEELL TEM
LTWERENEEZTNS,

#HE  FHEOBTITEL, Z2<OT7 ENA R
EZEZELE, MRABEZHERE FaURER
EZREMEFREME O 7 b BHEREL
g, RRRZRZREZWERS TEYMELT B
IWFSEEAEICRHBE L LTS, TEAWER, B
EREAERARAES FBA 7N TSN

B - BEBRERAFEERT LA I EAREED
XEERITERLEBOTY.
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Development of functional cytokines as novel mucosal vaccine adjuvants ‘
- Mucosal vaccines ad;ministeredk either f}rally or nasally have been shown to be effective in
inducing antigen-specific immune responses at both systemic and mucosal compartments.
Because of this two-layered protective immunity, mucosal vaccines are thought to be an ideal
strategy for combating both emerging and re-emerging infectious diseases. There is, however, no
mucosal vaccine to use in human due to the lack of mucosal adjuvant with high efficacy and
safety. In this regard, we succeeded in augmentation of protective immunity to viral infection by
applying a mutant tumor necrosis factor-a(TNF-a), mTNF-K90R, that exhibits high bioactivity
and resistance to proteases as a mucosal vaccine adjuvant.

In this review, we describe about the feasibility of functional cytokines as mucosal vaccine
adjuvants in vaccine therapy for infectious diseases.

MET 7+ 3, £FHLHEERO _EOHEEL BETRLIE—DOHETHLIEHL, H
B HREBRIEICNT AFHEE LTS hTws. L L, B9 7F 2B, WEZERAB
LHEY 7 FVERETH), ZOERICHITTE, BRI 2RELT Vany FRENMLEL SR
TWwab. FZLPRBEED TOLMEBMET I bAAL V13, BHREZHRISFELIZZ LY
5, BE7 Vany PELTOTBEIKECHFSNELDOTHA.

AT, BE7Z7FYBIUT Vany bRARBOBRE, EZ50RBICOVTEHT S,

Hiroyuki Kayamuro* "2, Shin-ichi Tsunoda * Yasuo Tsutsumi® '™
key words : adjuvant, cytokines, mucosal vaccine, functional protein mutants, phage display library

J 8 R 2R & o ZRE AR T 1, 8 A TVAR
R BIHTERYE Y /¥ 8k (nasopharynx-associated
lymphoid tissue : NALT) & \» 3 $5[RE A O R EFH
HBHBSHFEL, MERESAT A2 RB IS
DOFRE LTHETAZLFEHLR Lo TE
72V ZLTCERE, ZORBRIEY AT A% HRHF
B LR SR 7 F ¥ BT 7 F )28, 4
VINIYHRIA X Lo 723 B B |2
FTHRMRET 7 F @S dDELT, KELH
FINTV2.
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DOFPiREZFETE L LV, EROEHET
FUTRERTERVHREMFETE R, LA
Ao THES, HRMBREILREEI LTV 2HE A
VINIUHIANAFZRLDETHEEET LN
JFARIZHN 3 5 BREFRiRE LT, BREMRBHBLTH
BRI FT T DT RS 2 ML Re e pa i 7 2 F
~OHFIZETETEEF TS (R 1).

WIRY 7 7 OF/MER, RIFTETZF 12
XoTEHEENTE., RVFET I F 0 % HRE
PRBRFARICROBE T 5 L, MEFICBIT 5 IgG
PURISI R T, BB R IS B\ T IgA itk gL
BHFEIN, T NEREER ISR RiET 57,
CORYFET 7 F I, KBRS £ L
AR E LI2WIET 7 F 2%, BAE BAICHE
*hTwa?,

L»L, £ 27F 0 TE%L, A7y I 25
YRBGT 7 F Y DAL, 77 F PR & B
TEMERS LTH, PUEEERBICZLL, BRER



DOFRRBERER S

[ ARRRBEELE BN

i1 W WA 0L

f
(VIOFURRDRERET)
1) BEBRICHTDIgAEE
2) £5MEI<H1THIgGESE 1

et o

1 MR IFCRRCETITS 280 b OLEY

ST G RBEEZFTECTCELRVIEFTHAS Lo
TWwa. L72dioT, W7 7 F 3R 2 & KRIC
BT D201, 77 F PRI S PUEUER R
B 72 IR B & oAk, IEMEALT & 2 Ry Al (7
VanNy b)) OFHDLEATH B,

INETIE, ME7VanNy LT, aLo#E
# (cholera toxin : CT) R K s th 5 #4 1% i % (heat
labile enterotoxin : LT) 2SR W72 &, FEERIGH D
AALNTE L2L, IhoMEEZRHEEDOT
TVaxny M, WEREB X OCESHEICHER L Kk
ZHELI HDOO, BRI (Bell's palsy) %
BLOLTHLEELZENEHZET A2 LW LE
20, BREHEIASIhTWwaY.

AR OER S, BRICHTRERMET 2 2
WY MERBETAZEEHMIC, RERGHHETFTH
YA AL VIERL, FBMET Y 280 b E
LTOHFHABERETLTEZ. ¥4 bAA ViE, &
RIS E ORI LEAT R 2 EERHERSFTHD,
BOBOOYA b H A4 ¥ HPURSRIRIRE O TPk
A%, T MR - B ML E v o 7 HE5S a4 L o
SAL/BEERIBAER 2 2 Ho Twab. Lizdo
T, ¥4 v ALV, MET 7 F 7T any b
LTEMIRE, AL LZetEomE % il x
TWwWhsHDLEZ LN

LA»L, IhETHBERES XA T AICBITEHA

M4 Y OBRENZIZEALHEAIN TRV 2
FA M AA R ERERS LS EITIE, EE R
B pH ZLIC X Y L IR - RS h 5
LTI NL.

ZITEELIE, INOMESERERL, ¥4 b
WA VERET VanNy PELTHBEHL) 55
MO R ARz, Thbh, ¥4 VA1 vk
T HIFTIH D R RIETEILREE 3 5 2 LIS
N2 EHHERRT (TNF-a) ICEBL, 77 —-V%K
TR i % BRAE L 7240 B O B8 REE A\ T8 A BH:
XY, HHEDE AR TNF-a(wTNF) £ 0 b 7R
BEIICHE L, 2 ofNREMICH 3 Sz iEvER
5% TNF £ #2/K (mTNF-K90R) Z &I & L, HifE
IF T Tany P LTORHERARL.

EMIEAE TNF ZRIAORIH

FRBAFSEESIE, BXZ20EEICLRE
TNF ZA=X7 73IJ) =% b H M ZIZO0T, #i
W7 ¥ 2Ny MEVEDLBIT 2 EiEL 72, Z O
B, TNF-a 24123 SRR 7 V2 PR
ERETAHIE, FEBLRANERZNS 2L %<
Ml GEZ FETRTH L 2 L2 HFICERITTR
WL,

LA L, ¥4 bAhA Jid—#ic, @bk fEimt:
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ERIRLEED7—25473Y

MTNF-K90R WTNF-a

a HEEEEREX RGBT

L. positive [] neutral

B negative |

tﬁ"fi%ﬁﬁ@TNF?‘éEW(mTNF-KQORﬂ

DA
C
pl LCg (ng/mL) LDg, (ug/mL)
WTNF 7.44 0.17 390
MTNF-K90R  4.96 0.03 510

2 77-URERTEEREL AHEMEARTRBAIREN & mTNF-KIR O£ W34
a @ BRAEME S FUA SRR BN OBERS. b : mTNF-K90R O KIEM. ¢ : mTNF-KIOR DL (pl i) & 44

51/ 224 (LCs /LDy, 1)

LR A ¥ % IHE, HRALERICZ L, B
G L7358 MRS 5 S 0 B B MR 7
EWENHERPIIREINALEI &R D. Lizho
T, TNF-aDEF ¥ Ve M5 &HL, A
R T V2N P LTHRET A7-0121F, 1k
WAL EED RS EE2H L 2> TL 5.

COREFLIY, SFIFTLMEULEALEZAR
HIZ, BIEICEIMWTRZMEO “EiEtan gL R
BV AR LT & REMIE, 773
FEIWREXARERAL, 73/ BREEAE M
ATV Dehnrn, BNKEEEZATLIER
R R EICHMTREET50TH L. A%
TNF-a \Z#H L, TNF-a 7 FHoL6ffoy ¥
BIEZMOT I )V BMTREBHR LAEREKOAR %
AATRER, FAER (WINF)IZ L SRTHIEE R
10 f5m E L 72 % 54K (mTNF-K90R) @ Al Hi 12 B 3
L7z (82,
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Z O mTNF-K90R &, HEE MDY Y U RIENRK
952 LIZL o> Tpl{HAVMET (lowering pl) 5
LI, MIT Y REASERMEEIE L 2
D, wINF &g L THEARNREELE L |E
LTw/. F728KEV 212, mTNF-K90R i,
wINF X ) b EHWHEEZRT 00, &4EN%
iZ, wINF &) LTz

DLEDO#E LD mTNF-KOR 1%, 24t % g
LoD b IREIC BT 2 EMER L HEET L &
T, MBEREZRNDICFEL ) 23 A7y an
YMIRBLDEEZ LN

EMEHERE TNF ZRFOMET S 280 b
& U T O

I, BYYEICNT 5 PR 7 F 0%, &
NETERTH-7-2MT 7 F o R8FELEY ¥



OVA specific IgG b
0.8

OVA specific IgA

#

00450-655
o D450~655

3

mTNF-K90R Z 587 5 282 b & LB
@ OVA HERNFGHS

BALB/c <% 7 A IZOVA(100 pg) & & b I
CTB, wTNF-a, mTNF-K90R %7213 OVA

BEEZ1AMMR T3 MBREEL, RK
GiEH S 1 EMBOMIES & U RS
D OVA 5§ 5 19 1gG P 4 (a), IgA JE 4
(b) # ELISA IZ X 0 #FMfi L 7z. mean = SD
(n=7: 74 v ¥ x*—"ANOVA#, *P<
0.05, **P<0.01:OVA 58 L DLk
B, *P<0.05: wINF-a 8 i# 58 & o
)

F oo, REFEESTFHCLSLDREEDE VR
TV VIO F Yy, BT 7 Fo~NEYT7FLDD
»H5.

WD S, EREHOREETIR, £77F
I0d, AF VY NI TFUREAT 7T UHEE
L, ZOERLD7-0I1213, BRroRELT Y
FrT7Vany bORBPARURTHS. LarL,
INETELDT T2y MR A SNTEIC
bodb b, REGEFLENE & RN % H Al
AIMET ¥ 287 PORR - ERARICEES> T
T,

ZZTH#% 51X, mTNF-K9R O¥fEY 7 F ~
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Chapter 31
Identification of New Candidates as Mucosal
Vaccine Adjuvant in TNF Family Cytokines

Hiroyuki Kayamuro, Yasuo Yoshioka, Yasuhiro Abe, Kazufumi Katayama,
Shuhei Arita, Tetsuya Nomura, Tomoaki Yoshikawa, Norio Itoh, Haruhiko
Kamada, Shin-ichi Tsunoda, and Yasuo Tsutsumi

Mucosal Immunity and Vaccine

Mucosal immunity forms the first line of defense against various infectious diseases.
The majority of emerging and re-emerging pathogens, including Vibrio cholerae,
pathogenic Escherichia coli, HIV (human immunodeficiency virus), and influenza
virus, invade and infect via the mucosal surfaces of the host gastrointestinal, respira-
tory, and/or genitourinary tracts [3]. An important aspect of the immune response at
mucosal surfaces is the production of polymeric immunoglobulin (Ig) A antibodies
(Abs), as well as their transport across the epithelium and release as secretory IgA
[2]. Because this IgA response represents the major mechanism of defense against
viral and bacterial infections, recent efforts have been focused on the development of
vaccines that are capable of efficiently inducing IgA production, as well as cytotoxic
T-cell activation, in mucosal tissues.

Mucosal vaccines administered either orally or nasally are effective in inducing
antigen-specific immune responses in both the systemic and the mucosal compart-
ment [10]. Because of this two-layered protective immunity, the use of mucosal
vaccines is likely to be an ideal strategy for combating both emerging and re-
emerging infectious diseases (Fig. 31.1). However, the mucosal antigen-specific
immune response is weak, because most protein antigens, such as non-living macro-
molecules or protein-subunit antigens, can evoke only a weak or undetectable
adaptive immune response when they are applied mucosally [1]. Therefore, one
strategy to overcome the weakness of the immune response is the co-administration
of a mucosal adjuvant with the vaccine antigen [6]. Unfortunately, the development
of a safe and effective mucosal adjuvant has proved to be challenging. As a potent
mucosal vaccine adjuvant, cholera toxin (CT) or heat-labile toxin has been used
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Fig. 31.1 Mucosal vaccine strategy

in experimental studies. However, the watery diarrhea induced by the administra-
tion of these toxins precludes their use as oral adjuvants in humans [4]. In addition,
a recent report showed that administration of a human vaccine containing inacti-
vated influenza virus, with heat-labile toxin as a mucosal adjuvant, resulted in a very
high incidence of Bell’s palsy [9]. Therefore, development of novel mucosal vaccine
adjuvants with high efficacy and safety is urgently required for clinical applications.

Previously, we tested the potential for tumor necrosis factor (TNF)-a to function
as a mucosal vaccine adjuvant. We showed that TNF-a could substantially enhance
antigen-specific Ab responses at both the systemic and the mucosal level in mice
[7, 8]. Furthermore, we have utilized a phage display system to create a functional-
ized TNF-a, and we have developed a mutant form of TNF-a, namely mTNF-K90R,
which possesses six times the in vitro bioactivity and 13 times the in vivo bioactiv-
ity as wild-type TNF-a [11]. In addition, we previously demonstrated that intranasal
administration of a model antigenic protein (ovalbumin; OVA) together with mTNF-
K90R effectively induced the production of both antigen-specific IgG in the serum
and IgA at mucosal sites (Fig. 31.2). Importantly, although mTNF-K90R had a
potent adjuvant effect on mucosal immunity, it did not elicit signs of excessive
inflammation, such as edema or fibrosis [7, 8]. These findings indicate that our tech-
nique of creating bioactive mutant cytokines might be attractive for designing novel
mucosal adjuvants that are effective and safe.

Identification of New Candidate Mucosal Vaccine Adjuvants
Among TNF Superfamily Cytokines

Previously, we reported that use of TNF-a as a mucosal vaccine adjuvant aug-
mented both the antigen-specific systemic IgG Ab response and the mucosal IgA Ab
response in mice [7, 8]. However, it is not yet known which of the TNF superfam-
ily cytokines is the most potent mucosal adjuvant for augmenting antigen-specific
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Fig. 31.2 Ovalbumin (OVA)-specific Ig antibody response after nasal immunization with OVA
plus adjuvant. BALB/c mice were intranasally immunized once a week for three consecutive weeks
with OVA alone, OVA plus 1 pg cholera toxin B subunit (CTB), OVA plus 1 pg wild-type tumor
necrosis factor (WTNF)-a, or OVA plus 1 pg mutant (m)TNF-K90R. Serum and nasal wash was
prepared 1 week after the last immunization and analyzed by ELISA (enzyme-linked immunosor-
bent assay) for OVA-specific IgG (a) at a 1:100 dilution of serum and OVA-specific IgA (b) ata 1:8
dilution of nasal wash. Data represent the means of absorbance a wavelength of 450 nm (reference
wavelength, 655 nm). ND, not detected. Data are presented as means + SEM (n = 7, *P < 0.05,
**P < 0.01 versus value for group treated with OVA alone, by ANOVA; *P < 0.05 versus value for
group treated with OVA plus wTNF-o, by ANOVA)

Ig AD responses in both the mucosal and the systemic immune compartment. We
attempted to identify the powerful mucosal adjuvants among 16 different TNF
superfamily cytokines.

Currently, more than 40 members of the TNF/TNF receptor (TNFR) superfam-
ily have been identified, and the majority are expressed by immune cells. The
biological functions of this system encompass beneficial and protective effects in
inflammation and host defense, as well as a crucial role in immune organogenesis
[5]. Some TNF superfamily cytokines already being used as vaccine adjuvants[0]
to enhance primary and memory immune responses against cancer and infectious
diseases are among the candidates for selection of a powerful but safe adjuvant.
For example, 4-1BBL, CD27L, CD30L, GITRL, LIGHT, OX40L, and TNF-q,



